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INTRODUCTION 
Since the introduction of the corn head attachment and 
other field-shelling equipment, many farmers have changed 
from ear corn harvesting systems to high moisture, field-
shelling systems. Approximately 26 percent of the corn was 
field shelled in Iowa in 1966. The use of the grain combine 
and field-shelling attachment for corn j^ickers has brought 
into focus the problem of mechanical damage to corn kernels. 
For small grains, the level of kernel injury has been 
relatively small because small grains are usually harvested 
at low moisture contents when kernels are more resistant 
toward damage and kernel detachment forces are low. Although 
a small amount of grain damage is commercially accepted, 
there is usually some economic loss to the owner of the 
grain due to accelerated deterioration in storage and loss 
of germination capacity in seed. 
When field-shelling equipment for corn was first developed 
and introduced, kernel damage was relatively low because the 
ears were harvested and shelled at low moisture contents. 
The introduction of grain driers has made it feasible to 
harvest corn at 20-35 percent kernel moisture content. 
Threshing power requirements and mechanical grain injury was 
found to increase at higher kernel moisture by Barkstrom ' 
(1963). Also, costly high-capacity drying systems were 
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necessary to keep up with high output rates of modern 
field-shelling equipment. 
Kernel injury affects the short- and long-term storage 
of corn. Saul and Steele (1965) reported that field-shelled, 
high moisture corn could not be stored more than a few hours 
without some deterioration in quality taking place. Machine 
shelled corn with 29 percent mechanical damage, deteriorated 
two to three times faster than damage-free hand-shelled corn 
of the same moisture content. An economic analysis showed 
that the drying energy cost (excluding equipment cost) was 
six to seven times larger for damaged field-shelled corn 
than it was for damage-free, hand-shelled corn. Faster 
drying rates were required for damaged corn, to prevent 
spoilage between harvesting and drying. The cost of 
drying increases as the rate of drying increases. Buyers 
and processors of grain are becoming more aware of the 
difficulties and problems resulting from high mechanical 
damage. Setting limits on allowable damaged grain may 
become a future practice, especially if fast and reliable 
methods of damage determination can be found. 
Little is known about the factors contributing toward 
mechanical kernel damage during the shelling process. Most 
threshing research has shown that high cylinder speed is 
the chief factor causing grain damage. Other machine 
parameters such as cylinder-concave clearance and type of 
cylinder bars seem to affect kernel damage only slightly. 
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Less is known about morphological and physical properties 
of the corn cob and grain and their relationship to kernel 
injury. Sehgal and Brown (1965) reported that in hard 
shelling cobs there was not only more cob splitting but 
also an increase in mechanical injury to the kernels. Their 
studies also suggested that combining ability and cob quality 
of the hybrids could be predicted from the characteristics 
of the inbred parents. 
It is therefore evident that if we knew the relationships 
of physical and morphological properties of the kernels and 
cobs and their contribution toward kernel damage, the plant 
breeder could make use of this knowledge when selecting 
parents with desirable physical and morphological properties. 
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REVIEW OF LITERATURE 
Determination of Mechanical Kernel Damage 
Most researchers express mechanical damage as percent 
damaged kernels by weight. Damaged kernels include all 
kernels with ruptures or breaks in the seed coats. The 
official grain standards of the United States Department of 
Agriculture (1959) define broken corn as that portion which 
will pass readily through a 12/64 inch round hole sieve. 
In laboratory studies of the effect of cylinders and 
concave bars and cylinder adjustment on kernel damage, 
Pickard (1955) used the material passing through a 12/64 
inch sieve as a measure of relative damage. This screening 
process was also used by Goss ^  (1955) in corn 
harvest field tests with rasp-bar cylinder equipped combines 
in California. 
The common method of determining mechanical damage of 
seed is by visual inspection. This method is time consuming 
and the accuracy of the estimate of mechanical damage depends 
on sample size and the skill of the person making the 
determination. 
Corn shelling studies with combine cylinders and cage 
type shellers were reported by Morrison (1955). Kernel 
damage was determined on a weight basis by visual detec­
tion of mechanical damage to the seed coat. 
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In their investigations, Saul and Steele (1965) defined 
mechanical damage as any rupture or break in the seed coat 
of the corn kernel and emphasized the difference between 
this definition and the broken kernel definition of the 
official grain standards. 
"Past green dye" treatment of seeds makes visual 
inspection easier and faster. The dye enters through cracks 
in the damaged seed coat staining the endosperm. After the 
dye is washed off the surface the stained areas are easily 
detected. While this method has been employed satisfactorily 
in harvesting studies of sorghum by Waelti (1965) it is not 
satisfactory for corn because the tip area, or a rough 
pericarp, will take up the green dye. 
The Agricultural Marketing Service of the U. S. 
Department of Agriculture developed a method of treating 
the seeds for easy detection of damage. An indicator solution 
of 100 milligrams indoxyl acetate, 25 milligrams ethanol and 
75 milligrams distilled water is used. After immersion of 
the seeds in the solution, they are exposed to ammonium 
hydroxide fumes and within a minute cracked seeds turn blue. 
This procedure is effective for many legume seeds such as 
soybeams, lima beams, peas and alfalfa but it is not 
satisfactory for corn. 
Kamra (1963) used an x-ray contrast method for the 
determination of mechanical damage in Scots pine seed. 
Organic contrast agents used were urugrafin, umbradile and 
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barium chloride. When the seeds were treated with the contrast 
agents, only the damaged tissues became impregnated with the 
chemical. The impregnated areas showed up as dark areas on 
the x-ray pictures. 
Thompson and Foster (1963) used a candling method for 
determining internal stress cracks in corn kernels. A 150-
watt incandescent light source was enclosed in a box below 
a small rectangular glass-covered hole. The kernels were 
positioned over the hole, holding the embryo side toward 
the light source. Cracks were readily detected when slightly 
rotating the kernels. 
Germination test results have been used as an indicator 
of mechanical damage. Kolganov (1958) investigated the effect 
of mechanical damage on germination, germination energy and 
growth vigor of wheat. Soil was used for substrata and cover. 
Damaged wheat seeds germinated well, however growth vigor 
was reduced. There was a marked reduction in the emergence 
of these seedlings and a reduction in the weight of the plants 
at a later date. It was also observed that a large number of 
the shoots had lost their power of geotropic orientation. 
Only 40 percent of the seeds with a damaged embryo emerged. 
In experiments with rasp-bar threshing drums, Arnold 
(1964) used acid germination tests to determine mechanical 
damage on barley. Threshed barley samples were immersed in 
a solution of 30 percent sulfuric acid, by volume, for one 
hour. The grain was then washed with tap water for ten 
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minutes, followed by an immersion in a solution of calcium 
carbonate for fifteen minutes. After another washing with 
tap water, the grains were germinated on wet filter paper 
and germination counts made after seven days. 
In Greenhouse and Cold Tests performed by Koehler (1957) 
better stands were obtained from hand-picked and hand-shelled 
corn than from sound kernels selected from commercially proces­
sed identical seed. Vigor of the plants from commercial seeds 
was also reduced. In three years of field tests of untreated 
seeds, hand-shelled corn produced stands of 93.6 percent 
while the stands from commercial seeds were only 81.4 percent. 
Considerable differences occurred in the yields also. Hand-
shelled seeds averaged 96.9 bushels per acre while commercial 
seed yielded 87.1 bushels per acre. Reduction in yield was 
attributed to a reduction in vigor of the commercial seed 
plants rather than to the reduction in stands. 
Germination test results have been used to express 
mechanical damage by many other researchers such as 
Bunnelle ^  (1954), Caldwell and Hampson (1958), Mitchell 
and Rounthwaite (1964) and Ptitsyn (1963). 
Saul and Steele (1965) studied the effect of mechanical 
damage on the rate of spoilage of wet, shelled corn. Carbon 
dioxide production rate was used as a criteria for 
deterioration or dry matter loss. The relative COg production 
increased three times from damage-free (hand-shelled) corn 
to corn with 30 percent damage. 
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Factors Influencing Kernel Damage 
The factors influencing the amount of kernel damage may 
be divided into two major groups: machine parameters and 
plant parameters. 
The machine parameters include all characteristics of 
the machine contributing toward damage. The plant parameters 
include morphological, physical and biological characteristics 
of the corn ear. 
Machine parameters are: 
1. Cylinder bar speed 
2. Cylinder-concave clearance 
3. Type and number of cylinder bars. 
Plant parameters are; 
1. Kernel strength 
a. compressive strength 
b. tensile strength 
c. shear strength 
2. Modulus of elasticity of the kernel 
3. Kernel detachment resistance 
a. rachilla strength 
b. glume-kernel bond strength 
4. Cob characteristics 
a. compressive strength 
b. deformation. 
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Machine parameters 
Several researchers have studied the effect of various 
machine characteristics on grain damage during the threshing 
process. 
In tests done on barley with rasp-bar, angle-bar, and 
spike-tooth cylinders, DeLong (1942) found that the rasp-bar 
cylinders did the most damage and the spike-tooth cylinders 
did the least damage. 
In laboratory tests with corn, Pickard (1955) obtained 
less damage with rasp bars than with rubber-faced angle bars. 
Similar results were obtained by Morrison (1955) in 
threshing studies with corn. 
One of the most extensive studies with rasp-bar 
cylinders was reported by Arnold (1964). He investigated the 
effect of cylinder speed and diameter, rasp-bar spacing, 
concave clearance, feed rate and direction of feed on 
threshing efficiency and grain damage. It was concluded that 
the reduction of damage and its possible elimination, depended 
mainly on the use of lower cylinder speeds. Lowering the 
cylinder speed also decreased the threshing efficiency. 
Kolganov (1958) reduced grain damage by using a two-
stage threshing mechanism consisting of two cylinders with 
concaves. The first cylinder was operated at reduced speeds, 
while the second cylinder was run at a normal speed of 
6000 feet per minute peripheral speed. The largest part 
of the grain was removed by the first cylinder and was 
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practically damage-free. The remaining portion, removed by 
the high impact forces of the second cylinder, received 
more damage. 
Research data showing that high cylinder speed was the 
chief factor causing grain damage was also reported by King and 
Ridddls (1960) for wheat and peas, by Lamp (1959) for wheat, 
by Pickard (1955), Morrison (1955) and Barkstrom (1955) for 
corn. Goss et aJ. (1955) reported an increase in corn kernel 
damage from 6 percent at 2000 feet per minute to 21 percent 
damage at 5000 feet per minute. Relatively little effect on 
damage has been obtained by varying the cylinder-concave 
clearance. 
In laboratory tests done by Hopkins and Pickard (1953) 
corn kernel damage increased considerably when the number of 
cylinder bars was increased from 6 to 12. High speed movies 
revealed that the first part of the concave seriously inter-
ferred with the movement of the ears into the threshing 
mechanism and that the first blow of the cylinder bar shelled 
most of the kernels. Many subsequent blows were not 
necessary and contributed to higher mechanical damage. 
Plant parameters 
Moisture content of the cobs and kernels was found to be 
a major factor affecting mechanical damage by Pickard (1955), 
Thompson and Foster (1963), Goss ejt (1955), Morrison 
(1955) and Johnson (1963). One reason given for increased 
damage is higher detachment force requirements at higher 
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moisture contents. Using a strain gauge force transducer, 
Hall (1961) studied the forces required to remove corn 
kernels from the cob and found that the force decreased as 
the moisture content decreased. Normal detachment force 
or pull along the axis of the kernels and forces perpendicular 
to the normal forces, were determined for a range of kernel 
moisture contents. 
Barkstrom (1963) found power requirements of cage-type 
field shellers two to three times larger at 30.5 percent 
moisture content than at IS percent moisture content. 
In compression and shear tests conducted by Zoerb (1959), 
smaller loads were required to rupture kernels at higher 
moisture contents. In shear tests, however, higher rupture 
energies were required at the higher moisture contents be­
cause much more deformation was required before failure 
occurred. 
Sehgal and Brown (1965) studied cob morphology and 
its relation to combine harvesting. Characteristics such 
as rachis-pith ratio, degree of development of the interrow 
tissue, amount of nodal parenchyma, length and thickness of 
the rachilla were found to be of major importance in 
determining the combining quality of the ear. Large pithed 
cobs had a tendency to split more easily than small pithed 
ones. When the cobs had poorly developed interrow tissues 
they had a tendency to split easier than those with well 
developed interrow tissues. Cob splitting and mechanical 
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damage to the kernels increased in hard-shelling cobs. Ease 
of shelling appeared to be dependent on the length and thick­
ness of the rachilla. The shorter and thicker the rachilla 
was, the harder was the shelling. 
Bilanski (1966) measured forces and energy required to 
initiate fracture in soybeans, corn, wheat, barley and oats 
under gradually applied loads and impact loading at kernel 
moistures from 1 to 18 percent. He found that size, moisture 
content and position of the grain all influenced its damage 
resistance. Corn kernels were weakest when placed on end 
(tip up) and strongest when placed on their flat side. Energy 
absorbed by the kernels under low velocity impact was lowest 
at 1 percent moisture and highest at 17 percent moisture. 
Generally the force required to damage a high moisture grain 
was less than that required for one with lower moisture 
content. Deformation, however, was greater for high 
moisture grains, resulting in higher energy absorbed. 
Burmistrova (1963) reported on investigations done by 
Russian scientists. Some of the mechanical properties of 
corn plant parts investigated were cutting energy and tensile 
strength of stalks, force required for tearing the ears from 
the stalks and the husks from the ears. Compression tests 
were performed on stalk sections and kernels. For kernels, 
the slope of the force-deformation diagram increased with 
kernel maturity. At the "waxy" stage (approximately 35 
percent kernel moisture) the slope was one kilogram per 
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percent kernel deformation. At the "beginning of ripeness" to 
"full ripeness" stage (from about 18 to 14 percent moisture 
content) the slope was two kilograms per percent kernel 
deformation. No data were given but the diagram indicated 
maximum forces on kernels of approximately 30 and 60 kilo­
grams for kernels of 35 percent and 14-18 percent moisture, 
respectively. Impact in the direction of the kernel rows 
caused the least amount of kernel damage. Friction coeffi­
cients were determined for kernels and other plant parts. 
Between kernels and a plywood surface, the static friction 
coefficient increased from 0.32 at 15 percent moisture to 
0.70 at 36.5 percent kernel moisture. Significantly lower 
friction coefficients were obtained for dynamic conditions. 
Kernel detachment 
The process of detaching corn kernels from their 
supporting structure, the cob, is defined as shelling. 
Shelling occurs when forces applied to the kernels overcome 
the holding strength of the kernel attachment. 
Figure 1 shows a schematic diagram of a kernel and 
its attachment to the cob. 
The force required to break the rachilla and to overcome 
the glume-kernel friction can be designated as detachment 
force F-j and can be expressed as follows: 
- KAog + Pg (1) 
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GLUM: 
KERNEL 
RACHILLA RACHIS" 
PITH 
ia 
Figure 1. Schematic diagram of kernel attachment showing 
kernel, glume, rachilla, rachis and pith (top 
picture) and direction of force application 
for kernel detachment (bottom) 
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Fjj = detachment force, lbs 
K = constant related to method of applying the force 
2 
A = cross sectional area of rachilla, in 
= failure stress in rachilla, psi 
= friction force between glumes and kernel, lbs. 
The constant K varies with the direction of application 
of the detachment force F^. Three main directions of force 
application are (a) axial direction of the kernel, (b) axial 
direction of the cob and (c) tangential direction of the cob 
cross section, as shown in Figure 1. 
Hall (1961) measured detachment force requirements for 
corn. The smallest detachment forces were required by 
pulling the kernels in tangential direction, c, shown in 
Figure 1. The largest detachment force which was in axial 
direction, a, of the kernel shown in Figure 1, was about 
four times larger. Threshing forces would therefore be 
largest with axial load application with the rachilla failing 
in tension. For the other two loading conditions the 
rachilla would fail in bending while the glumes are spread 
apart. 
It would be difficult to measure the cross sectional 
area of the rachilla before shelling to determine its tensile 
stress, o^. However, the breaking strength of the rachilla,F^, 
is the product of and A, and can be determined experimentally 
by pulling the kernels in radial direction of the cob. 
Assuming the glume friction F^, being small enough to be 
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neglected, equation 1 then becomes 
- KFr • (2) 
Lamp (1959) used a centrifuge to obtain forces required 
to separate kernels from the cob for corn at 17 percent 
moisture. The corn was placed into the centrifuge in such 
a position that the kernel had to bend through an angle of 
90 degrees. Application of a force of 1.5 pounds removed 
80 percent of the kernels. Forces up to 2.5 pounds were 
needed to remove all the kernels from the cob. 
Data by Hall (1961) indicate that moisture content 
affects the strength of the rachilla. Studies by Sehgal 
and Brown (1965) suggest that rachilla strength is determined 
by its length and thickness. Detachment forces would also 
be affected by factors such as variety, growing conditions, 
location on cob and others. Detachment forces may also 
vary from plant to plant within the same variety. Values 
for some of these factors will be obtained experimentally 
in the research endeavor. 
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OBJECTIVES 
The use of efficient high capacity field-shelling 
equipment (combine cylinder) in high moisture corn results in 
high mechanical damage to the kernels. Because the above 
practice has been adopted by a substantial number of farmers 
there has been increased concern about mechanical kernel 
injury and its detrimental influence on subsequent storage 
and processing of the grain. Some investigations have been 
conducted concerning the influence of the configuration and 
adjustment of the shelling mechanism on the kernels. Inade­
quate information, however, is available about mechanical 
and morphological properties of the corn cob and kernels 
and their relationship to kernel injury during the shelling 
operation. Since kernel damage from the shelling operation 
is greatly dependent on the properties of the ear, the 
objectives of this study were; 
1. To review procedures for the determination 
of mechanical kernel damage. 
2. To determine physical and morphological 
properties of the corn ear and kernels and 
their relationships. 
3. To correlate through experiments the mechanical 
properties and morphological characteristics to 
kernel damage during the field and lab shelling 
operation. 
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THEORETICAL ANALYSIS OF CORN SHELLING 
111 the following analysis of corn shelling it is assumed 
that th • kernels that are hit by the rasp-bar are pushed in 
radial direction of the ear toward the center of the cob. 
Following is a list of assumptions made: 
1. Axis of the ear is parallel to the axis of the 
rasp-bar. 
2. Ear has no appreciable taper and rasp-bar strikes 
a whole row of kernels at the same time. 
3. There is no sliding between the flat sides of 
the kernels in a row. 
4. Kernels are wedge shaped and touch each other 
along the whole length of the sides. 
5. Deformations of the kernels and cob are negligible. 
6. Coefficient of friction is constant for all 
surfaces. 
7. The rachillae and glumes which connect the kernel 
to the cob offer resistance in tension or compression. 
Figure 2 shows a cross section through cylinder, ear 
and concave as the rasp-bar makes contact with the ear. 
The forces applied to the ear are also shown in the diagram. 
Force P is applied to kernel 1 by the striking rasp-bar. 
This force tends to push the kernel toward the center of 
the ear and at the same time rotate the ear in clockwise 
Figure 2. Schematic diagram for the cross section of a 
corn ear, cylinder and concave showing the 
forces on the ear at the beginning of shelling 
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direction and move it in lateral direction to the right. 
Opposing rotational acceleration of the ear is a couple la .  
The force Ma through the center of the ear resists ear 
acceleration in lateral direction. At the same time the con­
cave reaction, is applied to kernel 9. This force should 
be somewhat smaller than P because a part of P is used for 
rotational and lateral acceleration of the ear. It can 
therefore be assumed that shelling occurs first in the top 
section of the ear with larger forces on the kernels. 
Force P on kernel 1 and the reactions of kernel 2, 
and kernel 16, R^g on kernel 1 are shown in Figure 3a. 
Assuming that the rasp-bar and the row formed by kernels 1 
are continuous, then there is no sliding on the flat sides 
between the kernels of the same row. 
Referring to Figure 3a the force P which acts through 
an angle 7 with the longitudinal axis of the kernel, pushes 
kernel 1 toward the center of the cob. Resisting kernel 
movement are the rachilla and glumes and kernels 2 and 16. 
Rachilla and glume resistance are shown as force in the 
diagram and resistances of kernel 2 and kernel 16 as vectors 
Rg and R^g respectively. 
Summation of the forces in x- and y- direction (Figure 
3a) establishes the relationships 
0 = P sin 7 + R^g jcos (a+3) ~ ^2 1 cos(a+^) (3) 
and 
0 = P cos 7 - - R^g ^sin(a-rp) - Rg ^sin(a+p) (4) 
Figure 3. Schematic diagram of forces on kernel 1 (3a) and on kernel 2 (3b) 
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where 
P = rasp-bar force on the kernel, lbs 
= resistance of rachilla and glumes in compression, lbs 
R « , = resistance of kernel 2, lbs 
^3 
^ = resistance of kernel 16, lbs 
a = angle between kernel axis and kernel sides, degrees 
p = friction angle between kernels, degrees. 
From equations 3 and 4, Rg ^ and R^g ^ can be computed. 
R = Pcos-^ / PsinrN/ . V 
2,1 2sin(a+p) " 2sin(a+p) ' 2cos(a+p) 
„ _ Pcos^ ^c Psiiry , . 
16,1 2sin(a+^) ~ 2sin(ci+p) 2cos(a-i-p) '  
Since Rg ^ is greater than R^g ^ by the magnitude of 
P sin "Y/cos (a-i-p) the reaction Rg ^ of kernel 2 should be 
investigated next. 
Figure 3b shows the forces acting on kernel 2. The 
direction of R^ ^  depe&ds on the angle of friction, p. When 
p is smaller than a, as shown in Figure 3b, it is possible 
for kernel 2 to be pushed out by wedging action. Only for 
kernels below 15 percent moisture content is the friction 
angle, p, smaller than angle a. For most cases the friction 
angle, p, is significantly larger than the angle a, and in 
this case the direction of R^ g is such that two or three 
kernels are removed as one block. Free body diagrams 
showing the application of forces for these cases are shown 
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in Figure 4a and 4b. No sliding takes place between the 
surfaces of adjacent kernels 2 and 3 (Figure 4a) and kernels 
2, 3 and 4 (Figure 4b) because the directions of the forces • 
Rl <5, 3 and ^ make angles with the kernel surfaces 
larger than (90 - p) degrees. Three cases of kernel removal; 
(1) one kernel, (2) two kernels and (3) three kernels will 
be analyzed in detail: 
Removal of one kernel This condition is shown in 
Figure 3b. Due to symmetry R^ g is equal to R^ 2» Summing 
the forces in y- direction yields 
^t ^ ^ 1,2 sin(a-B) and 2 sinCa-p) (7) 
and substituting equation 7 into equation 5, a solution for 
the force P is obtained in terms of and the angles 
cos-y P sinT D 
a, P, and 7. 
°t 
2 sin(a-0) 2 sin(a+P) 2 cos(a-i-P) 2 sin(a+p) 
from which 
P = 
D. D. 
sin(cs- p) ' sin(a-p) 
cos^ 
sin(a+P) + 
si If/ 
cos(a+p) (8) 
Removal of two kernels as one block Referring to 
Figure 4a, summation of the forces in y- direction establishes 
the relationship 
D ^ cos a = R^ 2 sin(2a-P) (9) 
assuming that R^ ^ is equal to R^ ^. By combining equation 9 
and 5 a solution for P can be found. 
y 
4,3 
D" 
x.. .  
4a 4 b 
Figure 4. Schematic diagram of forces for the removal of 2 kernels (4a) 
and 3 kernels (4b) simultaneously 
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r 
i 2 COS7 
^ ~ ^sin(22-p) sin(a-rP) 
COS7 
sin(a+P) 
siiry 
cos(a+p) 
P in equation 10 is the force needed on kernel 1 to remove 
kernels 2 and 3 simultaneously. 
(10) 
Removal of 3 kernels as one block Referring to Figure 
4b, summation of forces in y- direction establishes the 
relationship assuming that R^ ^ is equal to R^ ^  
4- 2D^ cos 2a = 2 Rj^ 2 sin(3a-p) 
from which 
R 
2D^ cos 23 
1, 2 2 sin(3a-p) 
By combining equation 11 and 5 a solution is found for P 
(11) 
P = 
D 2D^ cos 2a 
L L C 
sin(3a-p) sin(a-rp) 
cos7 sin7 
sin(a-r3) cos (a+p) (12) 
P in equation 12 is the force needed on kernel 1 to remove 
kernels 2, 3 and 4 simultaneously by wedging action. 
This analysis was developed as the 1966 experiments 
were in progress and no data were obtained to check the 
validity of equations S, 10 and 12. Hence, this leaves an 
area open for further investigation. 
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FIELD-SHELLING INVESTIGATION 
Introduction 
In the fall of 1965 a preliminary combine harvesting 
experiment was conducted with the purpose of obtaining more 
information about the effect of some machine and plant para­
meters on kernel damage of corn during combine field-shelling. 
The machine parameters investigated were cylinder speed 
and cylinder concave clearance. The plant parameters were 
kernel moisture content and plant variety. 
Cropping History 
The two varities of corn were Pioneer 3418 and a Pioneer 
experimental variety, Pioneer X. Each variety was planted 
in different fields at the Iowa State University Experimental 
Farm in Ankeney, Iowa. 
Pioneer 3418 was planted on May 4, 1965 on land that 
was in pasture the previous year. Seventy pounds of N, 36 
pounds of P and 36 pounds of K were applied prior to 
planting. 
Pioneer X was planted on May 28, 1965 on land which was 
in corn the previous year. On this field 100, 48 and 24 
pounds of N, P, and K, respectively, were applied before 
planting. 
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Harvesting 
The first harvesting date was October 15, 1965 when 
Pioneer 3418 was at a moisture content of 21 percent and 
Pioneer X at 31 percent. A John Deere 55 combine was used. 
All tests were run at a forward speed of 1.9 miles per hour. 
Cylinder-concave clearance of 1/2, 5/8 and 3/4 inch were 
used. Cylinder speeds of 311, 437, 525, and 612 RPM were 
used for each of the cylinder concave settings. For each 
combine setting kernel samples were collected from the 
discharge end of the cl^an grain elevator after the machine 
had been run for several minutes at the new setting. The 
samples were obtained by cutting slowly through the stream 
of grain several times with an open sack to obtain a true 
representative sample. Three samples were obtained for 
each machine setting. These samples were treated as random 
samples, although they were obtained in succession. 
The samples were dried with forced air at approximately 
40°C. For moisture determinations the grain was oven dried 
at 100-103°C for 72 hours. 
Successive harvesting dates for Pioneer X were 
October 23 and October 29 with kernel moistures of 26 
percent and 22 percent respectively. 
Determination of Mechanical Damage 
.Mechanical damage was determined and expressed on a 
percent by weight basis. After mixing the whole sample of 
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about 1000 grains, a 50 gram sub-sample was drawn for 
inspection. Each kernel was turned over to detect any 
mechanical damage in the form of cuts, bruises, cracks, 
damaged endosperm or seed coat. The damaged kernels were 
weighed and the percent damage calculated as follows; 
Percent damage - ongblSS'"" ^ 
Results and Discussion 
Table 1 shows the percent mechanical damage obtained for 
varieties Pioneer X and Pioneer 3418 for various cylinder 
speeds and moisture contents. Figure 5 shows the effect of 
cylinder speed on damage for Pioneer 3418 at 21 percent 
moisture and Pioneer X at 22, 26 and 31 percent moisture. 
Table 1. Percent mechanical damage for Pioneer X and 
Pioneer 3418 at various cylinder speeds and 
moisture levels 
Variety Moisture Cylinder Speed, RPM Average 
content. for all 
percent 311 437 525 612 speeds 
X 22 21.3 20.2 20.8 23.8 21.5 
X 26 24.9 22.5 26.4 23.4 24.3 
X 31 27.2 26.3 25.3 26.0 26.2 
3418 21 11.2 11.8 12.8 02.9 12.2 
Pioneer 3418 not only suffered approximately one-half 
the damage that Pioneer X did; it also was affected differently 
by various cylinder speeds. Lowest damage was at lowest 
29 
28^ 
26 
24 r 
99 
e=20!_ 
PIONEER X 
31% n.c. 
% m.c. 
m. c. 
M 
o 
< 
a IS i~ 
M 
16 -
14 PIONEER 3418 
12 r 
-O 21% m.c. 
10 
Figure 5. 
J. I I 
300 400 500 
1730 2300 2900 
CYLINDER SPEED 
600 
3450 
R?:i 
Effect of cylinder speed on mechanical damage for 
Pioneer X at 22, 26 and 31 percent moisture and 
Pioneer 3418 at 21 percent moisture 
30 
cylinder speed and increased as cylinder speed was increased. 
For the same moisture content, Pioneer X had the 
lowest damage at approximately 440 RPM. Damage was higher 
at cylinder speeds below and above 440 RPM. At 31 percent 
moisture, lowest damage was at 525 RPM with higher damage 
at lower and higher cylinder speeds. 
Figure 5 indicates that Pioneer X was more sensitive to 
cylinder speed at 22 percent moisture than was Pioneer 3418. 
Obviously, the kernels of Pioneer X were less resistant to 
impact forces. Since the machine adjustments were the same 
for both varieties, biological differences in the two 
varieties may have been the major contributing factor in 
kernel damage differences. Sehgal and Brown (1965) 
hypothesized that strong kernel attachment increases kernel 
damage. Increased attachment strength would require more 
shelling energy with higher impact forces. 
Analysis of variance, shown in Table 2,indicates a 
highly significant effect of kernel moisture content on 
damage. This effect is shown in Figure 6. Percent mechanical 
damage dropped from 26.2 percent at 31 percent moisture to 
21.5 percent damage at 22 percent moisture. 
Crop yields were obtained by weighing all the corn 
harvested in the two fields and adjusting to 15.5 percent 
moisture content. Pioneer X yielded 95 bushes per acre 
and Pioneer 3418, 115 bushels per acre. 
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Table 2. Analysis of variance for mechanical damage for 
variety 3418 
Source Degrees of Sum of Mean 
freedom squares square 
Cylinder clearance (A) 2 0. 504 0 .252 
Moisture content (B) 2 402. 032 201 . 016: 
Cylinder speed (C) 3 37. 858 12 .619 
A X B 4 29. 606 7 .401 
A X C 6 39. 106 6 .517 
B X C 6 125. 300 20 . 883:; 
A X B X C 12 118. 171 9 .847 
Error 72 535. 676 7 .439 
::=r Significance at 1 percent level 
Significance at 5 percent level 
Summary and Conclusions 
Varieties and kernel moisture content significantly 
affected mechanical damage to corn kernels during combine 
harvesting. 
Of the two varities tested Pioneer X had almost twice 
as much mechanical damage as Pioneer 3418. 
Cylinder speed did not have the same effects on the 
two varieties. Pioneer 3418 had the lowest damage at lowest 
cylinder speed. However, Pioneer X had the least damage at 
a substantially higher speed. 
Over a wide range of cylinder speeds from 311 to 625 
RPM, relatively small variation in damage was found. 
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Cylinder clearance did not have any significant effect 
on damage. 
For Pioneer X, damage decreased from approximately 27 
percent to approximately 21 percent as kernel moisture 
decreased from 31 to 22 percent during the harvesting 
season. 
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PHYSICAL PROPERTIES EXPERIMENT 
Introduction 
Results of the previous field-shelling experiment in 
1965 show that machine parameters such as cylinder speed 
and cylinder clearance had relatively little effect on 
mechanical damage to kernels. Plant parameters such as 
kernel moisture and especially variety, significantly affected 
kernel injury. Work reported by Sehgal and Brown (1965) 
suggested that morphological properties of the corn ear 
and kernels which are inherent variety characteristics, 
affect mechanical injury to kernels. It was therefore 
concluded that mechanical properties of the kernels and 
cob should be determined and their relationship to kernel 
damage studied. 
In this experiment, which was conducted in 1966, the 
hypothesis was that mechanical properties of the kernels 
such as detachment force, breaking strength, kernel size, 
moisture content and properties of the cobs such as moisture 
content, cob diameter, breaking strength and rachis-pith 
ratio are related in some manner to the kernel damage that 
occurs in a combine cylinder during the threshing process. 
The experiment was divided into two parts. The first 
part was a study of the interrelationship of the above 
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listed mechanical properties of the kernels and cobs. An 
analysis of variance and covariance was used to show relation­
ships between properties and to determine differences 
between varieties, ears within varieties, and between 
regions (butt, middle, tip) of the ears. A multiple 
regression approach was used in the second part of the study 
to obtain information about the contributions of the investi­
gated properties toward mechanical injury during the shelling 
process. 
Procedure 
Ears that were used in the 1966 experiment were randomly 
selected from a section of a field which was part of a corn 
harvesting experiment. The field consisted of five varieties 
which were Pioneer 3618, 3558, 3414, 3376 and 3306. Subse­
quently these varieties will be referred to as variety 1, 
2, 3, 4, and 5, respectively. Varieties 2, 4, and 5 were 
also planted three weeks after their first planting date 
and these will be referred to as varieties 2L, 4L and 5L. 
To simplify variety identification for the digital computer 
these varieties are also identified as varieties 6, 7 and 
8, respectively. 
The experiment had three replicates. During the growing 
season the field was cultivated twice and hand weeded once 
to remove volunteer corn. Three ears were tested for any 
one variety at one time. To assure an overall moisture 
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range between ears tested, from approximately 35 to 15 
percent (wet basis), four tests were conducted for each 
variety. Testing was spread throughout the harvesting 
season. Thus, for each variety, data were obtained from 
12 ears. 
Detachment force was defined as the maximum pulling 
force required to detach a kernel from the cob in axial 
direction of the kernel. When pulling a kernel from the 
cob, failure of the rachilla occurred. A Chatillon Dial 
push/pull gauge, model DPP - 10 as illustrated in Figure 8 
was used. The sharp hook at the end of the pull rod was 
pushed into the soft embryo region of each kernel, then 
pulled rapidly in radial direction such that the rachillae 
failed in tension. The maximum force required was registered 
on the dial of the gauge. This force was recorded, the dial 
was released and the next kernel's measurement taken. To 
eliminate friction forces between kernels, a row of kernels 
along the axis of the ear was removed before readings were 
taken, thus eliminating the wedging effect of the kernels. 
Each ear was divided into three regions; butt, middle 
and tip. For each region ten kernels were tested and 
recorded. Strength tests were also conducted on individual 
kernels; ten kernels per ear section, with the equipment 
illustrated in Figures 9, 10, and 11. The Rinck-Mcllwaine 
valve spring tester, shown in Figure 11, was driven with 
a cable drive. The loading plate downward movement was 
(top) Field plots during the later part of 
the season 
(bottom) Measuring kernel detachment force 
with a Chatillon Dial push/pull gauge 
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Figure 9. (top) Overall view of compression test apparatus 
showing the Rinck-Mcllwaine tester and 
oscillography 
Figure 10. (bottom) Compression test of a corn kernel 

Figure 11. The Rinck-Mcllwaine valve 
during a compression test 
spring tester 
of a cob section 
39b 
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0.0158 inch per second. Since the spring-loaded bottom 
plate moved downward as the kernel between the plates was 
loaded, the actual loading rate of the kernel was somewhat 
smaller. The kernels usually failed at the yield point which 
was also the point at which rupture of the seed coat occurred 
for most kernels. 
A strain gauge cantilever follower beam was used in 
conjunction with the bottom plate to detect the force on the 
plate through the use of a calibrated strain gauge bridge. 
The top and bottom plates were interconnected with a linear 
potentiometer distance transducer (LPDT) model 111 made by 
Computer Instruments Corporation. The signals from the LPDT 
and the strain gauge cantilever beam were fed into a 2-
channel Beckman Type RS Dynagraph. One channel recorded 
the force between the plates and the other the distance 
between them. 
Individual kernels were placed between the plates in 
a flat position. Load and displacement were recorded through­
out the entire run with a chart speed of 1 millimeter per 
second. Samples of typical recordings are shown in Figure 
12. The force on the kernels increased until kernel breakage 
occurred, then decreased for a very short time before increas­
ing again, thus a yield point was established. At high 
kernel moistures (25-35 percent) a yield point was not clearly 
defined but a definite change in the slope of the force curve 
was apparent. In this case, the breaking point was established 
-200 CHANNEL 2 - LOAD - 40.0 LBS/CM 
-YIELD 
POINT 120 LBS 
-100 
UNLOADING LOADING 
.17 IN 
.11 IN 
— 0 
CHANNEL 1 - KERNEL THICKNESS-0.10 IN/CM 
CHART SPEED - 1 MM/SEC 
Figure 12, Oscillograph chart of typical kernel compression tests 
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at the point where the slope of the force curve changed. 
For each kernel the initial thickness, breaking strength and 
yield point thickness were recorded on a data sheet. 
For each ear, thirty individual kernels were tested; 
ten kernels from the butt section, ten from the middle 
section and ten from the tip section. The remaining kernels 
on the cob were shelled separately, weighed and oven dried 
for 24 hours at 100°C for moisture content determinations. 
The shelled cob was sawed into six 1-inch long sections 
resulting in two specimens per cob region. After measuring 
the rachis and pith diameters each specimen was placed 
horizontally between the plates of the Rinck-Mcllwaine 
tester and initial diameter, breaking strength and breaking 
diameter readings determined, similarly to those of the 
kernels. Figure 11 illustrates such a cob strength test. 
The broken cob sections were weighed and oven dried 
at 100°C for 72 hours for moisture content determination. 
Thus, for each cob region (butt, middle and tip) two values 
for initial diameter, breaking strength, diameter at breaking, 
rachis diameter, pith diameter and one value for moisture 
content were obtained. Initial cob diameter was taken as 
the distance between the plates at a load of 10 pounds 
during the cob strength test. At this force the glumes were 
crushed and laid flat against the cob surface and cob 
deflection was still at a minimum. 
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Computations 
Data from the compression tests were taken from the 
oscillograph charts as shown in Figure 12. Initial kernel 
thickness (at zero load), final kernel thickness (when 
seed coat rupture occurred), kernel strength (force applied 
when seed coat ruptured), initial cob diameter (at 10 pound 
load), final cob diameter (when cob failure occurred) and 
cob strength (load applied when cob failed) were read from 
the oscillograph charts. Properties of the kernels and 
cobs which are used to describe their behavior, were calcu­
lated. These properties are breaking stress of the kernels, 
Oj^, breaking strain for the kernels, kernel moisture, 
MC, , cob strain at failure, and cob moisture, MC„. This k c ' c 
data was obtained and calculated as follows : 
1. Kernel stress, 
where 
= breaking stress, psi 
P, = breaking strength of kernel, lbs (obtained 
from oscillograph chart) 
A = area of kernel cross section perpendicular 
to load application, in^. 
For each ear tested, the number of rows of kernels, N, 
was counted and the ear diameter, Dg, (Figure 13) was 
measured. The cob diameters for the butt, middle and tip 
sections, d^, dg and dg, respectively, were the average of 
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the two initial diameter readings for each section. The 
average cross sectional kernel area to be used in equation 
was calculated for each region as follows: 
Ai = ndiB/aNtCDg/dg)^-!] (14a) 
Ag = ^dgS/éNtCDg/dg)^-!] (14b) 
A_ = Td_2/4N[(D_/d_)2_i] (14c) 
3 
where 
A,, Ag, Ag = mean area for kernel in region 1, 2 
and 3 respectively, in2 
d,, dg, dg = cob diameter for region 1, 2, and 3 
respectively at 10 lbs load, in 
Dg = ear diameter for region 2, in 
N = number of rows. 
2. Kernel strain, and cob strain, 
" - DO - (15A) 
Where 
= kernel yield point strain, in/in 
1_ = initial kernel thickness, in 
o ' 
1^ = yield point kernel thickness, in 
^c ^ (^o " df)/do (15b) 
d = initial cob diameter at 10 lbs, in 
o ' 
d^ = yield point cob diameter, in. 
3. Moisture content of kernels, MCj^ and cobs, MC^ 
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where 
MC^ = kernel moisture content, percent (wet basis) 
WW^ = wet weight of kernels, gm 
= ovendry weight of kernels, gm 
Wt - DWt 
MCc = ^ X 100 (16b) 
c 
where 
MC^ = cob moisture content, percent (wet basis) 
WWt^= wet weight of cobs, gm 
DWt^= ovendry weight of cobs, gm. 
Statistical Analysis 
Regional averages (butt, middle, tip) were used for the 
analysis of variance and covariance. These averages were 
computed from ten readings for the kernels and from two 
readings for the cobs. The analysis of variance was computed 
at the Iowa State University Computation Center in accordance 
with the following model for the kernel and cob properties; 
Y^, Yg, ..., Y^g = A(I) + B(IJ) + C(K) + AC(IK) + 2(1,J,K) (17) 
A = varieties = 5 
B = ears within varieties = 12 
C = regions within ears = 3 
Y^, ..., Y^2 = detachment force, kernel strength, kernel 
stress, initial kernel thickness, final kernel 
thickness, kernel strain, cob strength, initial 
cob diameter, final cob diameter, cob strain, 
kernel moisture content, kernel area. 
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An analysis of covariance was run, using initial kernel 
thickness, kernel moisture content, kernel area and combina­
tions of (1) area and initial thickness, (2) moisture con­
tent and initial thickness and (3) moisture content, area, 
and initial thickness as covariates. 
These covariates were chosen because relationships of 
these variables could be established with some other variables 
and they could not be controlled in the experiment. Beta-
values obtained in the analysis of covariance were used to 
make adjustments for the effects of moisture content, initial 
kernel thickness and kernel area on appropriate other 
variables. 
Results and Discussion 
To illustrate the variation among kernels and cob 
sections the data from the physical properties test for a 
typical ear is shown in Table 11, Appendix A. 
Computed variety means for kernel and cob properties 
are shown in Tables 3 and 4. Included in these tables are 
overall regional means for the butt, middle and tip regions 
of the ears. Least significant differences were computed 
for kernel and cob properties and groups of least significant 
differences established among the varieties. These results 
are in Tables 5 and 6. A summary of the analysis of 
variance and covariance is in Table 7. 
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Table 3. Mean values of kernel properties 
Property Variety Region 
1 2 3 4 5 Butt Middle Tip 
Moisture 26.2 22.9 25.1 25.4 22.8 25.8 24.1 23.6 
content, % 
Detachment 3.77 2.57 3.64 3.16 3.78 3.48 3.42 3.26 
force, in 
Strength, 104.6 78.8 95.1 139.0 151.1 109.3 124.4 107.4 
lbs 
Stress, 893 756 834 1017 1106 799 984 980 
psi 
Initial .195 .199 .202 .180 .183 .202 .187 .186 
thickness, 
in 
Final .122 .134 .133 .103 .107 .125 .115 .119 
thickness, 
in 
Deformation,.073 .065 .069 .077 .076 .076 .072 .067 
in 
Strain, .377 .326 .343 .429 .417 .382 .390 .364 
in/in 
Area, in^ .120 .108 .118 .142 .141 .140 .128 .110 
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Table 4. Mean values of cob properties 
Property Variety Region 
1 2 3 4 5 Butt Middle Tip 
Cob 42.5 36.2 41.7 49.0 46.2 
moisture, % 
Cob 173.0 187.2 135.0 168.8 142.8 143.2 169.6 171.2 
strength, 
lbs 
Initial 1.129 1.037 1.105 1.075 1.262 1,180 1.133 1.052 
diameter, 
in 
Final 0.863 0.718 0.886 0.787 0.993 0.923 0.855 0.769 
diameter, 
in 
Strain, 0.237 0.310 0.203 0.270 0.214 0.220 0.248 0.272 
in/in 
Table 5. Variety moans and least significant differences at the 5 percent 
level for kernel properties 
Variable Variety and value Least significant 
difference 
Moisture variety 1 4 3 2 5 
content, % value 26. 2 25.4 25.1 22.9 22.8 9.0 
Detachment variety 5 1 3 4 2 
force, lbs value 3.78 3.77 3.64 3.16 2.57 1.04 
Strength, variety 5 4 1 3 2 
lbs value 151.1 139.0 104.6 95.1 78.8 43 .3 
Stress, variety 5 4 1 3 2 
psi value 1105.7 1016.8 893 .4 843.3 755.6 416 
Initial variety 3 2 1 5 4 
thickness, value . 202 .199 .195 . 183 . 180 .0194 
in 
Final variety 2 3 1 5 4 
thickness, value .134 . 133 .122 .107 . 103 .020 
in 
Deformation, variety 4 5 1 3 2 
in value .077 .076 .073 .069 .065 .014 
Strain, variety 4 5 1 3 2 
in/in value .429 .427 .377 .343 .326 .069 
Area, variety 4 5 1 3 2 
in^ value .142 .141 .120 . 118 .108 .023 
Table 6. Variety means and least significant differences at the 5 percent 
level for cob properties 
Variable Variety and value Least significant 
difference 
Strength, variety 2 1 4 5 3 
lbs/in value 187 . 2 173.0 168.8 142.8 135.0 49.6 
Initial variety 5 1 3 4 2 
diameter, in value 1.262 1.129 1.105 1.075 1.037 .083 
Final variety 5 3 1 4 2 
diameter, in value .993 .886 .863 .787 .718 .130 
Cob, in variety 2 4 5 1 3 
deformation value .319 .289 . 269 .266 . 220 
Cob strain, variety 2 4 1 5 3 
in/in value .310 . 270 .237 . 214 . 203 .076 
Table 7. Non-adjusted and adjusted mean squares for kernel detachment force, kernel strength, 
kernel stress, kernel deformation, kernel strain and initial kernel thickness 
Non-adjusted . Mean square adjusted for covariates 
Mean Initial Area Moist. Area and Moist, cont. Area, moist. 
Square thickness cont. ini. and ini. cont. and 
thickn. thickn. ini. thickn. 
Kernel detachment force 
Variety 
Ear 
Region 
V X R 
Error 
Variety 
Ear 
Region 
V X R 
Error 
9.8240** 
1.6264*"' 
0.7995** 
0.1176** 
0.0435 
33192.2** 
2818.6** 
5237.2** 
351,3** 
125.6 
9.7054** 
1.4853** 
0.5217** 
0.1166* 
0.0439 
9.8240** 
1.6264** 
0.7995* 
0.1176** 
0.0435 
Kernel strength 
8545.18** 
1936.44** 
4854.46** 
320.04* 
96,04 
5322.45N.S. 
2574.83** 
5001.84** 
333.44* 
1 2 6 , 2 6  
8,5246** 
1.5516** 
0.3630** 
0.0909* 
0,0428 
33230** 
1536** 
5341** 
354** 
125 
7.9141** 
1.3906** 
0.1614* 
0,1166* 
0,0443 
3388,6N.S. 
1937.6** 
1605,3** 
328.6** 
96.2 
8.4155** 
1,4715** 
0.3711** 
0.0729 
0.0435 
8547.1** 
1366.6** 
4249.8** 
306.3** 
96.6 
6.8522** 
1.3908** 
0.1590* 
0.0901* 
0.0436 
3314.9* 
1186. 2*-' 
1614.1*-
313.5** 
96,9 
tn 
to 
** Significance at 1 percent level 
* Significance at 5 percent level 
N.S. Non-significant at 5 percent level 
Table 7. continued 
Non-adjusted Mean square adjusted for covariates 
Mean Initial Area Moist. Area and Moist, cont. Area, moist. 
Square thickness ' cont. ini. and ini. cont. and 
thickn. thickn. ini, thickn. 
Kernel stress 
Variety 
Ear 
Region 
V X R 
Error 
Variety 
Ear 
Region 
V X R 
Error 
710448* 
254263** 
675183** 
28450** 
8941 
0.000889' 
0,000281-
0,001197-
0,000050* 
0,000019 
179274N.S. 
140519** 
36040** 
37653** 
6979 
708984** 
89517** 
347123** 
28065** 
9019 
178989** 
66204** 
20406N.S. 
37757** 
7017 
Kernel deformation (initial thickness-final thickness) 
0.00053N.S. 
0.00026** 
0.00042** 
0,00004* 
0.00002 
0,00018N.S. 
0.00023** 
0,00016** 
0,00005* 
0,00002 
0.00082** 
0.00020** 
0.00050** 
0,00005* 
0,00002 
0,00021N.S. 
0.00023-
0,00010 
0,00005-
0,00002 
0.00046N.S. 
0.00020** 
0.00028** 
0.00005** 
0,00002 
0,00017N.S. 
0.00020** 
0.00010** 
0.00005** 
0,00002 
Oi 
w 
Variety 
Ear 
Region 
V X R 
Error 
0,0722** 
0,0073** 
0,0102** 
0,0014* 
0.0006 
Kernel strain 
0.0162N.S. 
0.0069** 
0,0120** 
0.0014** 
0,0005 
0,0134N.S. 
0.0072** 
0.0052** 
0,0014* 
0,0006 
0,0706** 
0.0067** 
0.0084** 
0.0015** 
0.0005 
0,0068N.S. 
0,0063** 
0.0032** 
0,0014* 
0.0005 
0.0142* 
0.0055** 
0,0083** 
0,0015** 
0.0005 
0.0055N.S. 
0.0054** 
0.0033** 
0.0014** 
0.0005 
Table 7. continued 
Non-adjusted Mean square adjusted for covariates 
Mean Initial Area Moist. Area and Moist, cont. Area, moist. 
Square thickness cont. ini. and ini. cont. and 
thickn. thickn. ini. thickn. 
Initial kernel thickness 
Variety 
Ear 
Region' 
V X R ' 
Error 
0.00329"" 
0.00054""-
0.00448** 
0.00009* 
0.00004 
0.00331 
0,00039 
0.00267 
0.00010 
0.00004 
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Kernel moisture - cob moisture relationships 
Figure 14 shows the relationship of cob moisture to 
kernel moisture for all varieties tested. Each point repre­
sents the average moisture content for one ear. It appears 
that cob and kernel moisture content were equal at approxi­
mately 15 percent; at greater kernel moisture, cob moisture 
content exceeded kernel moisture. This excess increased 
until about 30 percent kernel moisture^ at which point cobs 
had approximately 24 percent more moisture than the kernels. 
Above 30 percent moisture, this spread decreased slowly. 
This cob-kernel moisture relationship agrees with that 
found by Miles and Remmenga (1953) and Schmidt (1966), Due 
to a rather steep slope in the curve getween 15 and 30 per­
cent kernel moisture, it is not advisable to estimate 
kernel moisture from cob moisture in this range. Conversely, 
cob moistures can be well estimated from kernel moisture, 
by using Figure 14. 
Kernel detachment force 
Kernel detachment force is the maximum tensile strength 
of the rachilla which connects the kernel to the cob 
structure. This strength influences shelling of the kernel. 
Sehgal and Brown (1965) indicated that ease of shelling 
appears to be affected by rachilla length and thickness. The 
longer and thinner the rachilla, the easier the shelling. 
The rachillae seem to be irregular in shape and cross section, 
making it very difficult to obtain accurate measurements of 
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Figure 14. Relationship of cob moisture and kernel moisture 
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i-achilla dimensions. In this experiment only the tensile 
strength measurements of rachillae were obtained. 
A study of the summary of data in Table 5 reveals that 
variety 2 had the lowest detachment force which was signifi­
cantly lower than that of varieties 1, 3 and 5 at the 5 
percent level of significance. Detachment force of variety 
4 was not significantly different from any other variety. 
The least significant difference between any two varieties 
was 1.04 pounds at the 5 percent level. An inspection of 
the mean square values for detachment force in Table 7 
indicates very small changes in the mean square values in 
the analysis of covariance. Since the variety mean square 
was reduced only a small amount when adjustments were made 
for moisture content, area,and initial thickness, it can be 
concluded that only a small part of the variety differences 
in detachment force can be accounted for by the covariates 
tested. The analysis of variance reveals not only a highly 
significant difference between varieties but also between 
ears within a variety. 
Inspection of the correlation matrices for the individual 
varieties (Appendix D) shows no consistent significant correla­
tion between detachment force and any other pertinent physical 
property of the ear. Although..many other physical properties, 
including kernel damage, were highly correlated to moisture 
content, detachment force did not appear to be dependent 
on kernel moisture. 
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Initial kernel thickness 
Mean values of initial kernel thickness for varieties 
and regions are given in Table 3. Results of the analysis 
of variance and covariance in Table 7 indicate significant 
differences between varieties, ears within varieties and 
regions within ears. Initial thickness was g3?«a.test for 
the butt section and least for the tip section of the ear. 
This would be expected as the ears are tapered toward the 
tip end. 
Variety 3 had the thickest kernels with an average 
thickness of 0.202 inch and variety 4 the thinnest kernels 
with an average thickness of 0.180 inch. Only these two 
varieties were significantly different. 
Correlations were obtainted between initial kernel 
thickness and moisture content for varieties 2 and 5 at the 
1 percent level and for variety 3 at the 5 percent level of 
significance. 
Reduction in kernel area and initial thickness with 
reduced moisture content indicates kernel shrinkage as they 
dried. This shrinkage is reflected in increased bushel test 
weight. Lamp (1960) found a 10 percent increase in the 
bushel test weight as the kernel dried from 30 percent to 
20 percent moisture. This indicates that reduction in 
kernel volume was greater than the reduction in weight due 
to loss of moisture while drying. 
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Kernel strength and stress 
In the determination of strength properties of materials, 
the various parameters such as yield point, maximum strength 
and ultimate strength are usually expressed in terms of force 
per unit area. For a grain kernel, it is difficult to 
measure its cross sectional area and therefore it would seem 
logical to express kernel strength in terms of pounds per 
kernel rather than pounds per square inch of kernel cross 
section perpendicular to the direction of load application. 
It is also recognized that kernel area varies from ear to 
ear and usually decreases from the butt section of the ear 
toward the tip section. The variation of kernel area is 
discussed in another section of this chapter. 
Since this experiment included ears which were selected 
at random and included kernels from all sections of an ear, 
a wide variation in kernel size was obtained. To correct 
for some of this variation, kernel strength was also 
expressed as force per unit cross sectional area, or kernel 
stress. 
When computing stress the actual kernel strength was 
divided by the kernel area as computed with equations 14a, 
14b and 14c. All kernels for a region of an ear were assumed 
to have the same area, thus some error was introduced. It 
was also assumed that kernels filled all the space between 
the cob and the perimeter of the ear. Obviously this is 
not the case and the cross sectional areas obtained were too 
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large and therefore stress values too small. Since stress 
values were only used for comparison this did not affect 
the results. 
For the majority of the kernels, a definite yield point 
could be read on the oscillograph charts for the compression 
tests. Kernel strength was defined as the force on the 
kernel at the point where the seed coat ruptured. Rupture of 
the seed coat resulted in a sudden drop in compressive force. 
For many kernels this point could not be very definitely 
established, especially for kernels at high moisture content 
or for the flat shaped kernels. When the seed coat ruptured 
in these kernels, a sudden increase in kernel deformation 
occurred which resulted in a sudden decrease in the slope of 
the force-deformation curve. The force on the kernel at 
this point was then taken as the kernel strength for this 
experiment. 
Kernel strength Kernel strength values are shown in 
Tables 3 and 5. Varieties 4 and 5 had significantly higher 
strengths than the other three varieties. The least signifi­
cant difference for strength between any two varieties was 
computed to be 43.3 pounds at the 5 percent level of 
significance. Variety 2 had the weakest kernels with a 
strength of 78.8 pounds. Variety 5 had the highest strength 
of 151.1 pounds which is almost twice that of variety 2. 
Kernel yield strength is affected by kernel moisture, 
initial thickness and area, or by moisture and size. 
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Correlation coefficient with initial kernel thickness, area 
and moisture content were -.630, 0.352 and -0.417 respectively. 
The correlations of strength with initial thickness and 
moisture were significant at the 1 percent level and with 
area at the 5 percent level. 
An analysis of covariance with initial thickness, area 
and moisture as covariates provided a means of adjustment for 
variations of the covariates among the ears and varieties. 
Such an adjustment is reflected in a change in mean square 
values. 
The non-adjusted mean square for kernel strength for the 
varieties was 33,192. Making adjustments for area reduced the 
mean square to 5322 making the differences in strength between 
varieties non-significant. When adjusting for area and initial 
thickness the mean square was further reduced to 3388, thus a 
large part of the original strength differences between 
varieties can be accounted for by differences in kernel area 
and initial thickness, or kernel size. Differences in 
moisture content among the varieties did not seem to affect 
the variety mean kernel strengths because the analysis of 
covariance of variety strength with moisture as covariate 
did not change the mean square significantly. 
The analysis of variance of kernel strength for ears 
within varieties showed significant differences between 
the ears at the 1 percent level. The mean square was 
reduced.almost 45 percent with the moisture covariate. 
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however, it still remained significant at the 1 percent level. 
This reduction in the mean square value indicates that much 
of the difference among ears can be accounted for by varia­
tions in moisture content. Since kernel strength and moisture 
content were correlated and the ears tested came from a 
large range of moisture content, a large reduction of the 
mean square would be expected when bringing the ears to a 
2 
common moisture content. Multiple r for strength versus 
moisture relationships ranged from 0.470 for variety 2 to 
0.685 for variety 1. Thus, moisture content differences 
accounted for 47.0 to 68.5 percent of the strength variation 
among the ears within the varieties. Significant variations 
in kernel strength were also found between regions of the 
ears. 
For all varieties, relationships were established 
between kernel strength and moisture content. Figures 15 
through 20 indicate the relationships between kernel strength 
and moisture content for all varieties. The strength increased 
as moisture content decreased for all varieties. The slopes 
of the strength versus moisture content graphs were signifi­
cantly different from zero at the 5 percent level for varieties 
2 and 3, and at the 1 percent level for varieties 1, 4, and 5. 
The slope of varieties 1 through 4 were similar but the slope 
of variety 5 appeared steeper indicating a higher moisture 
sensitivity for strength for that variety. Above 37 percent 
moisture, kernel strength for variety 5 was lower than that 
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for all other varieties and at moistures below 24 percent 
strength was highest for variety 5. 
A test was made to check if there were significant 
differences in the slopes of the regression lines for 
strength-moisture relationships for the five varieties. 
This test consisted of obtaining the sum of the residual sum 
of squares for all varieties when fitted with regression 
lines of the common slope but each variety with its own 
y-intercept. This residual sum of squares was compared with 
the sum of the sum of squares when each variety was fitted 
with its own individual slope. The reduction in sum of 
squares due to individual slope fitting was tested against 
the error mean square and was not found significant at the 
5 percent level. By assuming a common slope for all varieties 
the error introduced by doing so should therefore not be 
significant. 
In-the region between 20 and 30 percent moisture, 
variety 2 had the lowest strength of 70-90 pounds; followed 
by variety 3 of 85-115 pounds; variety 1 from 95-135 pounds; 
variety 4 from 120-160 pounds; and variety 5 from 100-170 
pounds. 
Kernel stress Kernel stress was affected by kernel 
moisture content and initial kernel thickness. When variety 
means of stress were adjusted to a common moisture content 
the differences between varieties became significant at the 
1 percent level because the mean square of the ears within 
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varieties was reduced drastically. 
The stress among ears within varieties differed 
significantly at the 1 percent level even after covariate 
adjustments were made. 
An analysis of variance shows significant differences 
between stress among varieties at the 5 percent level of 
significance. However, the least significant difference 
at the 5 percent level (Table 5) was too large to indicate 
any significant difference between the highest and the 
lowest variety. This can be explained by the fact that the 
least significant difference values were obtained by the 
use of the approximation formulae 
- t55,.05 ^ (18) m 
where 
LSD = least significant difference 
t_ Qr = students t at 5 percent level and 55 
^ '' degrees of freedom 
2 
s = mean square for ears within varieties 
m = ears per variety = 12. 
Kernel stress was plotted versus moisture content in 
Figures 21 through 23 and regression lines computed. Figure 
24 illustrates the differences in the stress-moisture relation­
ships for varieties 1 through 5. 
A comparison of Figures 20 and 24 indicates that similar 
patterns exist between the varieties for both strength-moisture 
and stress-moisture relationships. 
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Kernel thickness influences kernel strength and stress. 
The relationship between stress and initial thickness is 
shown in Figures 25, 26 and 27. Varieties 4 and 5 appeared 
to have steeper slopes indicating that these varieties are 
more sensitive to kernel thickness than varieties 2 and 3. 
Stress was highest for the thinnest kernels and decreased as 
thickness increased. 
It should be noted that differences in stress among ears 
within varieties remained highly significant even after 
making adjustments for kernel thickness and moisture. This 
variation in kernel strength is apparently due to kernel 
characteristics not investigated. Various environmental 
conditions during the growing season could certainly influence 
kernel strength at maturity. 
Kernel strain 
Variety 2 had the lowest strain and variety 4 had the 
highest. Least significant difference for strain was 0.069 
at the 5 percent level. Varieties 2 and 3 had significantly 
lower strains than varieties 4 and 5. The strain of variety 
1 was not significantly different from any other variety tested. 
For the individual varieties only variety 1 had a 
significant correlation of strain with initial kernel thick­
ness but for all varieties combined this correlation was 
significant at the 1 percent level. Results of the analysis 
of variance and covariance (Table 7) also indicate a relation­
ship between strain and initial thickness. The mean square 
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for non-adjusted variety strain was 0.0722 which is 
significant at the 1 percent level. The variety mean square 
adjusted with initial thickness and area covariates, was 
reduced to 0.0162 and 0.0134 respectively, and thus became 
non-significant. This indicates an apparent relationship 
between strain and initial thickness. Most of the differences 
in strain among varieties can be accounted for by differences 
in initial thickness and area among varieties. Highly sig­
nificant differences in strain were found between ears 
within varieties. The differences in strain, however, among 
the ears within varieties, cannot be accounted for by the 
covariates tested. 
Adjusting the mean ear strain values to a common 
moisture content, reduced the mean square for ear strain 
only 0.0006 indicating the absence of correlation between 
strain and kernel moisture. 
Stress-strain relationships 
The modulus of elasticity expresses the stress-strain 
relationship for a material. It is the slope of the stress-
strain diagram and is commonly designed by a letter E. The 
units of E are pounds per square inch. 
For each variety the average stress was plotted versus 
the average strain as shown in Figure 28. The modulus of 
elasticity, E, was computed for each variety by dividing the 
stress by the strain. Values of 2370, 2320, 2440, 2370 and 
2650 psi were obtained for varieties 1 through 5, respectively. 
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This modulus of elasticity could be compared to that of steel 
because of similarity of force-deformation diagrams for the 
two materials. The variation in E, among some of the 
varieties, is illustrated in Figure 28. Also illustrated 
is the fact that variety 5 had the highest kernel strength 
not only because it had the highest modulus of elasticity, 
but also because for variety 5 the kernels strained more 
than kernels of some of the other varieties. Similarly, 
variety 2 had the lowest strength because of a low modulus 
of elasticity and a low strain. The main reason for a 
significantly larger strength of varieties 4 and 5 was due 
to the ability of these varieties to strain more before 
kernel rupture occurred. 
The relationship of the modulus of elasticity, E, and 
kernel moisture is illustrated in Figure 29. For all 
varieties this relationship is similar except for variety 2 
which seemed to have a lower modulus of elasticity in the 
15 to 25 percent moisture range. Generally, E increased 
from about 1000 psi at 38 percent moisture to about 4000 psi 
at 15 percent moisture. 
Kernel area 
Kernel area used in the analysis was a computed cross 
sectional area in square inches for the flat side of a 
kernel. Inspection of mean squares in Table 7 shows that 
differences between Varieties were significant; also differences 
between ears within varieties, and between regions of ears. 
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Kernel area varied with the taper of the ear, and the average 
2 
regional areas were 0.1395 in for the butt section, 0.1276 
2 2 in for the middle section and 0.1102 in for the tip 
section. The variety means were 0.1195, 0.1080, 0.1183, 
2 0.1424 and 0.1408 in for varieties 1 through 5, respectively. 
2 
The range between regions was 0.0293 in , which was only 
2 
slightly below the variety range of 0.0344 in . 
Relationships could also be established between kernel 
area and kernel moisture for varieties 2, 3 and 4. For these 
varieties, kernel areas increased with increased moisture 
contents as shown in Figures 30 and 31. 
For varieties 2, 3 and 4 the cross sectional area of 
the kernels did shrink as they dried from 30-35 percent 
moisture to 15-20 percent moisture. For the other varieties 
such a shrinkage could not be detected in the analysis. 
Initial cob diameter 
Summaries of the cob properties are shown in Tables 4 and 
6. Large variations in initial cob diameter were found 
among the varieties. The least significant difference. 
between varieties was calculated to be 0.083 inch. Variety 5 
had the largest cobs of 1.262 inches in diameter. The ears of 
variety 5 seemed to be significantly shorter but larger in 
diameter than those of the other varieties. Cob diameters of 
varieties 1, 3 and 4 were significantly lower than those of 
variety 5. Variety 2 had the smallest cobs. 
84 
VARIETY 3 
KERNEL MOISTURE, % 
Relationship of kernel area and :r.oistu: 
y = 0.0863 + 0.00221 
r = 0.819** 
0 10 20 30 40 
KERI'ÎSL MOISTURE, % 
Relationship of kernel area and moisture 
content for variety 4 
86 
Inspection of_ the correlation coefficient tables in 
Appendix D reveals that only variety 1 had a significant 
relationship between initial cob diameter and cob moisture 
content. For all other varieties differences in cob 
diameter were non-significant, even at the 5 percent level. 
Cob diameter versus cob moisture is plotted in Figure 32 for 
variety 1. The apparent relationship between diameter and 
moisture content for variety 1 is questionable because elimi­
nation of one point for 22.5 percent moisture would make the 
moisture-diameter relationship non-significant. 
Cob strength 
Cob strength was determined by compressing 1-inch long 
cob sections in a direction perpendicular to the longitudinal 
axis of the cob. Results from these tests are thus expressed 
in pounds per inch cob length at compressive failure and are 
shown in Tables 4 and 6. Variety 2 had the strongest cobs 
with 187.2 pounds strength per inch length and variety 3 
had the lowest strength of 135.0 pounds per inch. The 
difference between these two varieties was significant at the 
5 percent level. No significiant difference was found among 
varieties 1, 4 and 5. 
No significant correlation could be established between 
cob strength and cob moisture content and cob diameter. It 
is interesting to note that variety 2 had the highest cob 
strength and the lowest kernel strength. Variety 3 with the 
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lowest cob strength had also a low kernel strength. No 
relationship could be established between cob strength 
and kernel strength. 
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LAB-SHELLING INVESTIGATIONS 
Introduction 
Conducting corn shelling tests in the laboratory has 
many advantages over field testing which requires an invest­
ment in large commercial equipment. Control of plant and 
machine variables and environmental conditions is much 
easier in the laboratory. When testing one ear at a time it 
is possible to take physical measurements on the ear before 
shelling and orientation of the ear can be controlled. All 
grain fines and cob particles can be separately collected for 
each ear for analysis and for additional testing. 
Figure 33 shows a schematic diagram of the lab sheller 
constructed and used in the experiments. Figure 34 shows the 
cylinder and sheet metal as it was constructed. All pertin­
ent parts of the shelling mechanism were John Deere 95 
combine parts and relative positions of cylinder, beater 
and concave were identical to those in a John Deere 95 
combine. An angle iron and sheet metal housing supported 
the main shelling components and also served as grain 
retainer. A removable grain collecting pan, located at the 
bottom, as shown in Figure 35, was used to collect all 
grains and cob parts. A through-type ear inlet was 
constructed at the front and a canvas curtain at the rear 
end was used to absorb energy from kernels deflected by 
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Figure 33. Schematic diagram of lab sheller 
Figure 34. (top) Lab sheller with part of housing and 
shielding removed 
Figure 35. (bottom) Close-up view of cylinder, concave 
and grain collection pan 
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the beater. A chain drive between cylinder and beater 
increased beater RPM 40 percent over cylinder RPM. The 
cylinder was driven by a tractor PTO. 
Test Procedure 
All lab-shelling tests were run at 480 cylinder RPM 
with cylinder-concave clearances of 1 3/8 inch in front and 
5/8 inch clearance at the rear. 
Ten ears of corn were collected in the field at random 
for one variety at one time. Each ear was husked, the length 
and diameter measured and recorded and then the ear was run 
through the sheller in lateral direction. All material from 
each ear was collected from the collection pan before testing 
another ear. For each variety, ten ears were tested at three 
different times to provide data over a wide range of moisture 
contents. 
Five times during the harvesting season twelve ears of 
corn were selected at random in the field for each variety. 
The husks were removed and the ears threshed at the rate of 
4 to 5 ears per second, through the middle section of the 
cylinder, in an attempt to simulate field harvesting feeding 
rates. A grain sample was taken and grain moisture content 
determined. 
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Determinations 
For each ear sample all kernels remaining on the cob 
were removed and weighed. The cob particles were separated, 
weighed and oven dried at 100®C for 72 hones for moisture 
determination. Grains and fines were collected, weighed, 
dried and stored for further determinations. After all grain 
determinations were completed the samples were oven dried at 
100°C for 24 hours for moisture determination. 
The grain samples were taken to the ARS Grain Storage 
and Research Laboratory, U.S.D.A., Ames, Iowa, for 
determinations of fines and kernel damage. Each sample was 
weighed and screened with a 12/64 sieve. The fines were 
weighed and expressed as percent by weight. The screened 
sample was used for damage determination. Two approximately 
40-45 gram subsamples were obtained by dividing the original 
sample with a grain divider. 
Kernel Damage 
Kernel damage was defined as the percent by weight of all 
kernels having breaks, cracks or other injuries in their 
seed coat. Each kernel was thoroughly inspected for cracks, 
fissures, or breaks in the seed coat and the damaged ones 
were separated from the whole sound kernels. A special, 
well lighted booth was constructed to make inspection easier. 
The fractions were weighed and damage calculated on a percent 
by weight basis for each subsample and the two averaged. 
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The total damage was the sum of the fines and damage obtained 
by visual inspection. 
Kernel damage and moisture content results for the field-
shelling and lab-shelling tests are summarized in Table 8. 
The damage figures are as determined by the visual inspec­
tion method and do not include fines. The fines were not 
included in the lab-shelled damage figures because the field-
shelling samples did not include all fines. In the field 
most fines were sifted out by the cleaning mechanism of the 
combine before the samples could be collected. Exclusion of 
fines from all samples made direct comparison of the damage 
results from the various shelling methods possible. For 
most lab-shelled samples, fines were in the range of 1 to 
two percent. 
Damage and kernel moisture when plotted on log-log 
paper resulted in a straight line. Figures 36 through 40 
show this relationship for varieties 1 through 5. Regression 
equations were computed and are given for each plot along 
with the correlation coefficients. Varieties 1 through 4 
had damage-moisture correlations that are significant at 
the 1 percent level. The same correlation was non-significant 
for variety 5. One of the reasons for the lack of significance 
was the short range of moisture content for the damage data 
available for this variety. 
To compare mechanical damage for the various varieties 
a graph including varieties 1 through 4 was drawn in Figure 41. 
Table 8. Mechanical damage for various shelling methods used 
Variety Field-shelled Lab-shelled (group) Lab-shelled (individual 
ears, 10-ear average) 
kernel kernel kernel kernel kernel kernel 
moisture, damage, moisture, damage, moisture, damage, 
(percent) (percent) (percent) (percent) (percent) (percent) 
1 29.0 66.4 27.2 31.1 16.5 18.5 
26.2 30.5 25.3 30.3 24.0 29.9 
23. 2 20.6 23.9 27.9 30.5 40.6 
22.0 23.8 20.8 22.4 
17.8 21.4 17.4 19.8 
2 29.3 37.2 29.5 23.6 16.5 11.9 
23.2 16.1 21.8 17.2 19.2 15.6 
19.0 14.5 17.0 15.1 27.6 30.0 
17.0 13.0 14.7 15.6 
15.0 19.7 
3 26. 2 27.2 26.3 30.9 15.7 17.2 
22.0 22.0 22.7 27.3 18.5 17.7 
20.9 18.7 22.3 23.5 24.8 32.3 
18.7 17.5 18.5 23.3 
17.0 15.6 17.0 25.8 
4 37.5 46.4 38.2 31.0 24.0 21.2 
33.1 24.7 31.4 25.8 28.6 24.6 
30.1 25.4 29.5 28.5 35.6 34.2 
28.2 24.2 25.0 20.3 
22,6 18.6 21.6 17.8 
Table 8. continued 
< 
Variety Field-shelled Lab-shelled (group) Lab-shelled 
ears, 10-ear 
(individual 
average) 
kernel kernel 
moisture, damage, 
(percent) (percent) 
kernel 
moisture, 
(percent) 
kernel 
damage, 
(percent) 
kernel 
moisture, 
(percent) 
kernel 
damage, 
(percent) 
33.3 43.3 33.7 26.3 22.3 28.6 
30.0 23.7 31.9 28.1 28.8 32.0 
23.9 31.3 26.6 27.6 32.5 34.3 
23.5 23.6 21.0 24.6 
21.5 20.1 
37.3 39.4 33.8 38.7 16.1 17.2 
27.7 27.3 32.7 31.5 19.9 15.3 
25.3 20.0 29.7 37.0 25.3 21.7 
22.1 21.8 20.1 22.0 
17.4 15.1 16.2 13.9 
42.9 53.2 42.8 50.5 18.8 15.2 
36.1 36.5 34.3 37.3 27.6 22.3 
34.0 32.5 34.0 28.1 33.7 29.3 
30.3 33.1 28.5 25.5 
26.6 27.9 

98 
50 
• 40 
30 
6% 
g 
W 20 
I 
10 
10 
VARIETY SHELLING 
METHOD 
G 2 F.S. 
® 2 L.S.(G.) 
e 2 L.S.d.E.) 
• 2L F.S. 
O 2L L.S,(G.) 
@ 2L L.S.d.E.) 
0.561 X 
0.873;:=:: 
1.164 
I I 
20 30 
KERNEL MOISTURE, % 
40 50 
Figure 37. Relationship of mechanical damage and moisture 
content for varieties 2 and 2L 
99 
0 F,S. 
(D L.S. (G*) 
6 L.S.(I.E.) 
h" 
O 
M 
1 
50 -
40 
30 
20 
10 
10 
y 
r 
0.910 X" 
0.757** 
.060 
40 20 30 
KERNEL MOISTURE, % 
Figure 38. Relationship of mechanical damage and moisture 
content for variety 3 
50 
100 
VARIETY SHELLING 
METHOD 
50 
40 
30 
bS 
m 
o 
5 20 
s 
G 
10 
10 
0 4 F.S. 
0 4 L.S. (G.) 
e 4 L.S.(I.E.) 
• 4L F.S. 
9 4L L.S.(G.) 
Q 4L L.S.d.E.) 
y 
r 
0.239 X 
0.922** 
1.395 
I 
20 30 
KERNEL MOISTURE, % 
40 50 
Figure 39. Relationship of kernel damage and moisture content 
for varieties 4 a,nd 4L 
101 
o F.8. 
® L.S.(G.) 
e L.S.CI.E.) 
M 
0 
0 
S 
1 
50 
40 
30 
20 
iO 
10 
0 
0 
y = 3.633 X 
r = 0.552 
0.620 
20 30 
KERIŒL MOISTURE, % 
Figure 40. Relationship of kernel damage and moisture 
content for variety 5 
40 
102 
M 
0 
1 
M 
50 
40 
30 
20 
10 ± 
10 20 30 40 
Figure 41. 
KERÎŒL MOISTURE, % 
Relationship of kernel damage and moisture 
content for varieties M';through 4 
103 
Variety 5 was not included because of the non-significant 
correlation between damage and moisture content. Between a 
range of 20 to 30 percent moisture content, variety 4 had 
the lowest damage followed by variety 2. Variety 1 and 3 
had similar damage at 20 percent moisture, but at 30 percent 
moisture variety 1 had about 6 percent more damage. The 
difference between variety 4 with the lowest damage, and 
variety 1 with the highest damage, was about 12 percent 
damage in the moisture range of about 18 to 32 percent 
moisture. The important fact is that the slope was approxi­
mately the same for all varieties; that is kernel damage 
decreased as moisture content decreased. 
If a 25 percent limit is set for mechanical damage for 
the varieties tested, then harvesting could be started at 
about 28 percent moisture for variety 4, 26 percent moisture 
for variety 2, 22.5 percent moisture for variety 3 and 21 
percent for variety 1. Assuming a drying rate of 1/3 of a 
percent per day in the field, harvest would have to be 
delayed 15 days for variety 1 over variety 2, since both of 
these varieties mature in the same length of growing time. 
A delay in the harvest increases harvesting costs and losses 
and increases safety hazards due to adverse weather conditions 
in the late season. 
A general relationship for mechanical damage versus 
moisture content, which included all varieties, was established. 
A log-log plot of this relationship is shown in Figure 42. 
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Figure 42. General relationship of kernel damage and moisture 
content 
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An equation for the regression line is y = 0.882 
where y is the mechanical damage and x is the kernel moisture 
content. This equation can be used to predict mechanical 
damage from grain moisture content. The correlation coef­
ficient was 0.810 which was significant at the l_percent 
2 level. The r of 0.656 indicates that 65.6 percent of the 
variation in damage can be accounted for by the difference 
in kernel moisture content. 
One of the objectives was to determine if there were 
any differences in kernel damage between the shelling methods 
(field-shelling, lab-shelling a group of ears and lab-
shelling individual ears) used. When inspecting the damage 
versus moisture content regression lines for the five varieties, 
no differences between the shelling methods can be detected, 
except perhaps for variety 3 where all points for field-
shelling were located below the regression line. For the 
other varieties, points from all three shelling methods were 
distributed on both sides of the regression line, from this 
visual graphical inspection it can be concluded that generally 
there were no significant differences in damage by the 
shelling methods used in the experiment. 
Similarly, by inspecting the graphs for variety 2 (Figure 
37) and variety 4 (Figure 39) it can be seen that the points 
for the early planted and late planted corn (varieties 2, 2L, 
4 and 4L) were well distributed on both sides of the regression 
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line. It can therefore be concluded that there were no 
significant differences in kernel damage obtained from 
the two planting dates used. 
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COB BREAKAGE 
Sehgal and Brown (1965) hypothesized that cob quality 
or its resistance to splitting is an important factor in 
combine harvesting. If the cobs split, the combine cylinder 
is unable to remove all kernels from the cob segments and 
consequently shelling losses increase. Resistance of the 
cobs to splitting must be objectively defined before 
quantitative cob splitting comparisons can be made. 
Cobs split into fractions of various sizes during 
the shelling operation. Particle size distributions are often 
described by an equation proposed by Schumann (1940) as 
Y = 100(X/K)" (19) 
where 
Y = weight of particles finer than size X, percent 
X = size 
K = size modulus (a constant) for a given size 
distribution 
a = distribution modulus (a constant). 
A log-log plot of the above relation yields a straight 
line of slope a, and K denotes the theoretical maximum size 
of the particles. Solving for X in equation 19 yields 
X = (Y/100)^/°^K . (20) 
With equation 20 the cob size, X, can be obtained 
for any weight percentage, Y/100. 
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Experimental Procedure 
Cob data were obtained from the corn harvesting losses 
experiment including varieties 1 through 5. Varieties 2, 4 
and 5 were also planted three weeks after their first 
planting and these varieties will be designated 2L or 6, 
4L or 7 and 5L or 8, respectively. The experiment had three 
replicates, was cultivated twice and hand weeded once. 
Each variety was harvested with a John Deere 45 combine 
with a 2-row corn head attachment. Harvesting tests were 
conducted at one-week intervals and each time two rows were 
harvested per variety. Cylinder speed and combine adjust­
ment were the same for all tests, thus keeping machine 
variables constant. Cylinder RPM was 480 and cylinder-
concave clearance was 1 1/4 inch in front and 5/8 inch in 
rear. Forward speed was 2 miles per hour. 
Each run consisted of harvesting two rows over the full 
200 feet length of the field. Sample collection was done 
during the last section of the rows. This allowed the 
threshing, separating and cleaning process to equalize before 
sampling began. All combine discharge was collected in a 
canvas over a distance of 44 feet. All loose grain in the 
sample represented separating and cleaning losses. Kernels 
left on cobs were weighed to determine cylinder loss. The 
cob fractions were carefully collected and weighed separately 
for each replicate. 
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Determinations 
The moisture content of each sample was determined by-
drying at 100°C for 72 hours. Later the cob fractions were 
separated by hand into six groups consisting of (1) particles 
smaller than 1 inch, (2) 1-2 inches, (3) 2-3 inches, (4) 
3-4 inches, (5) 4-5 inches and (6) larger than 5 inches. The 
cob fractions in each group were weighed for each replicate. 
The cob size distribution data was analyzed with a 
method used by Johnson and Buchele (1967) for establishing 
clod size distribution as a result of tillage operations. 
This method characterizes a size distribution with two 
parameters, a and K, as shown in equation 20. The parameters 
a and K were determined by the method of least squares by 
using Z = Ln(Y/100) and W = LnX and the linear regression 
-B /B 
model Z = BQ + B^W, where a = B^ and K = e 
Results and Discussion 
The data and the results of the computations are shown 
in Figure 46, Appendix B. Theoretical sizes, X, are given 
for Y values (percent of weight smaller than size X) of 1, 
10, 50 and 100 percent. The Y value for 100 percent is the 
theoretically largest cob fraction size and is equal to K 
shown in equations 19 and 20. An inspection of the RSQ 
values and t values indicate that BQ and B^ were highly 
significant for most of the cob size distribution samples. 
All samples were significant at the 5 percent level. Figure 43 
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Figure 43 Relationship of calculated screen size to pass 
10, 50 and 100 percent of cob particles and cob 
moisture content 
Ill 
shows the relationship of cob particle size and cob moisture 
content. Computed screen sizes through which 10, 50 and 100 
percent of the cob fractions would pass, are plotted versus 
cob moisture content. Particle size increased as cob moisture 
decreased. This indicates a decrease in cob splitting and 
fracturing as the cob became more mature and decreased in 
moisture content. Figure 44 shows the relationship of 
mechanical kernel damage and the theoretical screen size 
through which 50 percent of the cob fractions would pass. 
Mechanical damage increased as cob size decreased. This is 
in confirmation with observations made by Sehgal and Brown 
(1965). 
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FACTORS AFFECTING KERNEL DAMAGE 
Introduction 
One of the objectives of this investigation was to 
determine the effect of physical and morphological properties 
of kernels and cobs on kernel damage. 
Figure 42 illustrates that in general kernel damage is 
highly correlated to kernel moisture content. However, 
Figure 41 illustrates that the kernel damage-kernel moisture 
relationships varied among the varieties tested. Since some 
of the physical properties such as kernel strength, kernel 
strain, kernel size and others are dependent on kernel 
moisture content, it would seem logical that damage should 
be expressed in terms.of these variables rather than moisture 
content. Hence, the multiple regression approach was used to 
examine the importance of the various independent variables. 
Multiple Regression 
The first model examined included all the independent 
physical and morphological propertied variables for which 
data was available. This model was 
^^19^^0+Bl^l+B2^2+'''-13^13+Bi6Yi6+Bl7^17+Bl8^18+ error. (21) 
Identification of the variables and results of the 
regression computations are shown in Table 9. Data used 
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Table 9. Results of linear multiple regression of kernel 
damage for model equation 21 
Source Degrees of Sum of squares Mean Square 
freedom 
Regression 
Residual 
Total 
16 
39 
55 
3,548.6 
2,573.4 
6,122.0 
221.79 
65.98 
F = 
Standard error 
Variable 
3.361 
8.123 
b value 
Multiple R = 0.5796 
R = 0.7613 
t^. = 2.004 
±05 = 1.297 
Std. error of b t value 
^19 Damage -1, .5143 02 1. 1413 02 -1, .326 
^1 Kernel 
moisture 
4, . 1501--01 6. 3763^ -01 0. 650 
^2 Detachment force 
4. 4156 00 2. ,3553 00 1, .874 
^3 Kernel 
strength 
—3. .0137--01 2. , 6158--01 -1. 152 
^4 Initial 
thickness 
—3. 0227 02 9. 0962 02 -0. ,332 
^5 Final thickness 
8. 2889 02 1. 4304 03 0. 579 
^6 Cob 
moisture 
— 2. 5843-•01 3. 1583--01 -0. 818 
^7 Cob 
s trength 
7. 0925-•02 5. 4054--02 1, 312 
^8 Initial diameter 
-2. 2413 01 3. 8095 01 -0. 588 
^9 Final diameter 
3. 5470 01 3. 2376 01 1. 095 
^10 Kernel area 2. 1157 02 2. 3203 02 0. 911 
Yii Kernel strain 2. 7203 02 2. 8268 02 0. 962 
^12 Kernel stress 2. 2686-•02 3. 1235-•02 0. 726 
^13 Cob strain 1. 6286 01 2. 2865 01 0. 712 
^16 Rachis-pith 
ratio 
1. 2431 00 6. 2214 00 0. 199 
^17 Ear length -1. 1728 00 1. 6315 00 -0. 718 ' 
00 
'
 
Ear diameter • -3. 4622 00 1. 2442 01 -0. 278 
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for the multiple regressions consisted of ear averages from 
the physical properties tests and the lab-shelling tests. 
This data is shown in Figure 47, Appendix C. Since these 
two tests were performed on different ears (because of the 
destructive nature of the physical properties tests) ears 
from the two tests were matched on the basis of moisture 
content. 
The multiple regression was therefore based on the 
assumption that the physical properties of two ears of the 
same variety and with approximately the same kernel moisture, 
are not significantly different. The analysis of covariance 
of the pertinent independent variables (physical properties) 
with moisture content as the covariate reveals, however, that 
significant differences can be expected for the physical 
properties of two ears of equal moisture. 
Since differences for the physical properties between 
two matched ears can be expected, the results of the multiple 
linear regression should not be used for predicting kernel 
damages. They serve, however, as a useful indicator of which 
variables are contributing toward mechanical damage. 
In the first model (equation 21) 57.9 percent of the 
expected damage could be accounted for by the regression 
equation. Since the t-values for most variables were non­
significant at the 20 percent level, some of the less 
significant variables had to be dropped from the model in 
order to make others more significant. This was done by 
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dropping each time, the least significant variable from the 
regression computations. This procedure was followed until 
all of the variables remaining in the equation had t values 
which were significant at the 5 percent level. 
A regression model obtained by the above procedure is 
^19"^0^^2^2 error. (22) 
Table 10 summarizes the results. All the B*s were significant 
at the 5 percent level or greater and the multiple F? was 
0.516 indicating that the regression accounted for 51.6 
percent of the total sum of squares. Only a small reduction 
2 in the multiple R occurred with the reduced model. This 
reduced model indicates that detachment force, kernel strength, 
initial and final kernel thickness and cob strength are 
important factors contributing toward kernel damage. Since 
the B*s for initial and final thickness were approximately 
600 for initial thickness and -600 for final thickness, 
.these two variables can be combined to 600 times deformation. 
A positive influence on damage is shown by detachment force, 
kernel deformation and cob strength and a negative influence 
by kernel strength. 
Conclusions 
The final model tested (equation 22) shows that the 
most important plant properties influencing mechanical 
damage are kernel detachment force, kernel strength, 
kernel deformation and cob strength. Generally, low kernel 
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damage was associated with high kernel strength, low kernel 
deformation, low cob strength and low detachment force. 
Table 10. Result of linear multiple regression of kernel 
damage for model equation 22 
Source Degrees of Sum of squares Mean square 
freedom 
Regression 5 3,158.9 631.8 
Residual ' 50 2,963.1 59.6 
Total 55 6,122.0 
Standard error = 7.69$ Multiple R^ = 0.516 t^_ = 2.004 
F = 10.661 R = 0.718 
Variable b value Std. error of b t value 
Y^g Damage -3.4798 01^ 2.3807 01 -1.462 
Yg Detachment 6.7520 00 1.6388 00 4.120 
force 
Yg Kernel -1.2924 01 4.3845-02 -2.947 
strength 
Y. Initial 6.0817 02 1.3895 02 4.376 
thickness 
Y^ Final -6.0235 02 1.1241 02 -5.358 
thickness 
Y„ Cob 6.49.22-02 3.1125-02 2.085 
strength 
^Exponential expression, for example -3.4798 01 = 
-34.798 and 6.4922-02 = 0.064922 
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SUMMARY 
The literature review revealed little information 
concerning the physical and morphological properties of 
the corn kernels and their influence upon kernel injury 
during the threshing process. 
Field tests during the fall of 1965 were conducted 
to provide information about the effect of varieties, 
moisture content and machine parameters (cylinder speed 
and cylinder-concave clearance) on kernel damage. Varia­
tions of cylinder speed from 311 to 612 RPM and cylinder-
concave clearance from 1/2 to 3/4 inch resulted in 
insignificant changes in kernel damage. Variety and 
kernel moisture had significant effects. 
Thus, in the 1966 investigations, because of their 
apparent importance, emphasis was placed on plant para­
meters rather than on machine parameters. 
Five varieties of corn, each with different ear 
characteristics, were planted in a replicate randomized 
block design on two planting dates. The corn was used 
for field shelling, lab shelling and physical properties 
experiments at various time intervals beginning at 
approximately 35 percent kernel moisture until it had 
dried to 15 percent moisture. 
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Physical properties determined were kernel detachment 
force, kernel breaking strength under compression, kernel 
strain at breaking, radial cob strength in compression and 
cob strain. For each ear tested 30 determinations were 
made for kernel properties and 6 determinations for cob 
properties. 
The variation in kernel detachment force and most of 
the cob properties could not be related to moisture content 
or pertinent other variables. 
Kernel strength was negatively correlated to kernel 
moisture content and differed among varieties. Kernel stress-
moisture relationships were similar to strength-moisture 
relationships. 
Kernel size (initial thickness and cross sectional area) 
was correlated with moisture content, indicating shrinkage 
of kernels as they dried. Stress-strain relationships were 
used to compute modulus of elasticity which showed little 
variation among varieties. 
A laboratory shelling device was constructed from 
conventional combine parts. Laboratory threshing and field 
combining tests were conducted simultaneously for kernel 
injury comparison purpose. No apparent differences among 
field-shelled and lab-shelled samples could be detected. 
Kernel damage was determined by careful visual inspection 
of samples. Kernel damage was positively.related to 
kernel moisture. This mathematical relationship was as 
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follows : 
y = ax + b (23) 
where y = log^^ damage and x = log^g moisture content. 
Cob breakage was determined from samples collected from 
combine discharge. The cob fractions were separated into 
six sizes and the data fit the following particle size 
distribution equation: 
Y = 100 (X/K)°'. (19) 
Solving for X in equation 19 gave the following 
equation; 
X = K (Y/100)l/G . (20) 
The cob particle size, X, was calculated for several 
weight percentages of the cob particles,Y, after a and K, 
determined from the data by use of equation 19 were 
substituted into equation 20. Mechanical damage increased 
as the cob particle size, X, decreased. 
A multiple regression approach was used to provide 
information concernig the influence of physical properties 
of the cobs and kernels on kernel damage. The factors which 
affected kernel damage were detachment force, kernel yield 
point strength, kernel deformation and compressive strength 
of the cob. 
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CONCLUSIONS 
As the kernel moisture content decreased, the kernel 
size decreased, indicating kernel shrinkage as it dried. 
Kernel strength and stress increased as kernel moisture 
decreased. 
Kernel stress increased as kernel thickness decreased. 
The modulus of elasticity of the kernel increased as 
kernel moisture decreased. There was little variation 
in the modulus of elasticity among the varieties. 
Kernel detachment force was independent of kernel 
moisture or other kernel properties. 
As the kernel moisture decreased, kernel damage 
decreased. 
Cob breakage decreased with decreased cob moisture 
content during combine harvesting. 
No differences in kernel damage were obtained for field 
shelling and lab shelling of ears. 
Planting date did not affect kernel damage. 
The most important plant properties influencing 
mechanical damage were kernel detachment force, initial 
and final kernel thickness (kernel deformation), and 
cob strength. Low kernel damage was associated with 
high kernel strength, low kernel deformation and 
low cob strength. 
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By changing plant characteristics, such as reducing 
detachment force and increasing kernel strength it 
should be possible to reduce kernel damage during 
combining. 
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RECOMMENDATIONS FOR FURTHER INVESTIGATIONS 
1. Determine forces and energy required to damage kernels 
under impact loading. 
2. Establish a prediction equation for kernel damage from 
physical and morphological properties of the ear. This 
would require the determination of physical properties 
and kernel damage on the same ear. This could be 
accomplished by cutting an ear in sections or by 
determining physical properties on selected kernels 
and cob parts after the ear has been shelled. 
3. Establish a prediction equation for some varieties 
and test its validity on other varieties. 
4. Test the validity of equations 8, 10 and 12 and 
conditions for which they are applicable by measuring 
forces required on opposite rows of kernels to start 
shelling. 
5. Ears used in the lab-shelling tests for the determination 
of mechanical damage had the husks removed. The effect 
of husks and other plant material (tending to act as 
shock absorbers) on kernel damage should be investigated. 
6. Determine the effect of rewetting of dry ears on physical 
properties and mechanical damage. 
7. Investigate kernel damage obtained with other types of 
shelling mechanisms such as cage-type sheller, rubber 
bars and smooth rubber covered cylinders. 
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APPENDIX A 
Table 11. Sample data for physical properties test 
Region Kernel Detach- Yield Initial Final Cob Yield Initial Final 
number ment strength, thick- thick- section strength, dia- dia-
force, lbs ness, ness, number lbs meter, meter, 
lbs in in in in 
Butt 
Middle 
1 3.9 90 . 23 .15 
2 3.6 120 .20 .12 
3 3.9 92 . 22 .14 
4 3.5 116 .20 .11 
5 3.8 116 .19 .10 
6 3.5 104 .20 .10 
7 3.4 100 .19 .11 
8 3.0 124 .19 .11 
9 3.0 126 .19 .10 
10 3.1 164 .18 .10 
11 3.2 120 .19 .12 
12 2.8 120 .20 .11 
13 3.1 152 .19 .10 
14 3.4 160 .19 .10 
15 3.0 136 .20 .11 
16 3.0 130 .17 .10 
17 3.1 136 .18 .11 
18 3.5 180 .19 .10 
19 3.5 148 .17 .10 
20 3.1 100 .19 .10 
1 
2 
3 
4 
140 
136 
164 
160 
1.16 
1.20 
1.20 
1.15 
.95 
.93 
.90 
. 8 8  
Table 11. continued 
Region Kernel Detach- Yield Initial Pinal Cob Yield Initial Final 
number ment strength, thick- thiclç- section strength, dia- dia-
force, lbs ness, ness, number lbs meter, meter, 
lbs in in in in 
Tip 21 3.1 124 .18 .11 
22 3.3 132 .17 .10 
23 3.0 128 .17 .10 
24 2.7 140 .16 .08 
25 2.5 88 .18 . 10 
26 2.2 94 . 20 .09 
27 2.4 104 .19 .10 
28 2.6 94 .17 .11 
29 2.8 60 .19 .13 
30 3.1 50 .19 .13 
5 
6 
156 
154 
1.08 
.98 
.83 
.75 
Figure 45. Regional averages for kernel and cob properties 
Key to regional averages for kernel and cob properties 
1 Identification (variety, ear number, region) 
2 Kernel moisture content, % 
3 Kernel detachment force, lbs 
4 Kernel strength, lbs 
5 Kernel stress, psi 
6 Initial kernel thickness, in 
7 Final kernel thickness, in 
8 Kernel deformation, in 
9 Kernel strain, in/in 
10 Kernel area, in^ 
11 Cob moisture content, % 
12 Cob strength, lbs/inch length 
13 Initial cob diameter, in 
14 Final cob diameter, in 
15 Cob deformation, in 
16 Cob strain, in/in 
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Figure 46. Data and computations for cob particle distribution 
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APPENDIX C 
Figure 47. Ear averages for kernel and cob determinations used in multiple 
regression 
Key to variables used for multiple regression 
VAR Variety 
1 Kernel moisture content, % 
2 Kernel detachment force, lbs 
3 Kernel strength, lbs 
4 Initial kernel thickness, in 
5 Final kernel thickness, in 
6 Cob moisture content, % 
7 Cob strength, lbs/inch length 
8 Initial cob diameter, in 
9 Final cob diameter, in 
10 Kernel area, in^ 
11 Kernel strain, in/in 
12 Kernel stress, psi 
13 Cob strain, in/in 
14 Kernel damage, % (visual inspection 
15 Kernel fines, % 
16 Rachis diameter-pith diameter ratio 
17 Ear length, in 
18 Ear diameter, in 
19 Total kernel damage, % (visual inspection plus fines) 
I 2 3 4 5 4 7 3 
3 9 . 3  3 . 6 6  5 9 . 9  3 . 1 8 1  3  1 3 5  5 3 . 6  1 3 2 . 7  1 . 1 6 8  
2 5 . 4  1 . 9 J  1 3 9 . 5  3 . 1 8 3  3  1 3 6  4 3 . 5  2 0 6 . 7  1 . 1 7 5  
3 9 . 2  4 . 1 2  9 ) . 5  3 . 1 7 4  3  0 9 7  4 7 . 7  2 0 6 .  7  1 . 1 3 8  
3 1 . 2  3 . 4 3  7 1 . 4  3 . 2 3 5  3  1 2 5  4 9 . 9  1 3 4 . 3  1 . 2 6 5  
2 Î . 5  4 . 5 7  7 ) . 3  3 . 2 1 9  3  1 5 1  4 2 . 6  2 1 4 . 3  1 . 0 7 7  
3 9 .  Î  4 . 1 )  7 6 . 8  3 . 2 3 4  3  1 2 8  5 4 . 0  1 9 9 . 3  1 . 1 7 3  
2 3 . 5  4 . 7 6  1 1 3 . 3  3 . 2 0 6  3  1 ) 1  3 9 . 4  1 5 2 . 7  1 . 0 3 3  
2 6 . 5  3 . 1 4  1 1 3 . 5  3 . 1 8 9  3  1 3 8  4 2 . 2  1 5 1 . 3  1 . 1 2 8  
2 2 . 3  3 . 1 9  1 2 2 . 3  3 . 1 9 )  3  1 3 7  ) T . 6  2 0 6 . 7  1 . 0 7 8  
2 3 .  3  3 . 9 9  1 7 3 . 1  3 . 1 8 4  3  1 1 3  3 7 , 7  1 6 2 .  7  1 . 1 7 5  
1 5 . )  5 . 2 3  1 2 9 . 2  3 . 1 9 5  3  1 4 8  2 2 . 8  1 9 1 . 3  1 . 0 5 2  
1 ) . 2  3 . 1 9  1 1 7 . 3  3 . 2 0 3  3  1 4 7  3 6 . 0  1 1 3 . 3  1 . 0 6 3  
3 7 . 3  4 . 2 5  3 7 . 2  3 . 2 2 7  3  1 6 5  4 9 . 6  2 3 3 . 2  1 . 0 8 3  
2 9 . 7  2 . 5 9  7 5 . 5  3 . 2 2 7  3  1 3 9  4 8 . 2  1 4 5 . 3  1 . 0 6 8  
3 3 . )  2 . 3 2  7 3 . 0  3 . 2 0 3  ) 1 ) 3  5 6 . 2  1 5 2 . 3  1 . 0 1 0  
2 3 . 7  2 . 9 1  1 3 3 . 3  3 . 1 8 3  3  1 2 1  4 2 . 3  1 8 9 . 3  1 . 1 1 2  
2 4 . 3  2 . 3 5  9 3 . 7  3 . 1 9 5  3  1 2 3  4 7 . 3  1 6 4 . 3  0 . 9 7 8  
2 2 . 5  1 . 7 3  6 3 . 4  3 . 2 1 2  3  1 3 9  4 3 . 7  1 8 1 . 3  1 . 0 5 0  
1 7 . 3  1 . B 5  3 6 . 9  3 . 1 8 2  3  1 2 6  2 0 . 9  2 2 3 . 7  1 . 0 2 5  
1 9 . 2  2 . 0 5  7 4 . 3  0 . 1 8 6  1 2 7  2 6 . 3  1 7 6 . 3  0 . 9 7 0  
2 3 . 5  1 . 9 6  3 6 . 8  3 . 1 9 4  3  1 2 5  4 3 . 8  1 6 2 . 3  0 . 9 6 7  
1 6 . 2  3 . 2 5  7 3 . 7  3 . 1 9 5  0  1 4 9  1 3 . 9  2 2 1 . 3  I .  1 3 3  
1 7 . 3  2 . 7 5  9 1 . 1  3 . 1 9 2  3  1 3 4  2 9 . 6  1 4 8 .  3  1 . 0 7 7  
1 4 . 2  2 . 7 5  9 4 . 3  3 . 1 7 9  0  1 2 6  1 6 . 3  2 5 0 . 3  0 . 9 9 8  
2 3 . 1  3 . 4 3  1 3 4 . 3  3 . 2 3 3  3  1 2 5  3 4 . 9  1 0 5 .  7  1 . 0 1 8  
2 5 . 5  3 . 9 7  1 4 9 . 8  3 . 2 3 1  3  1 2 2  4 6 . 2  1 2 3 . 7  1 . 3 0 8  
3 1 . »  3 . 5 3  3 3 . 2  3 . 2 2 3  1 4 8  5 4 . 6  1 1 3 . 2  1 . 1 7 7  
3 3 . 3  2 . 6 2  5 4 . 5  3 . 2 0 5  3  1 3 8  5 9 . 4  1 0 2 . 3  1 . 0 7 5  
2 3 . 5  3 . 2 4  1 3 2 . 6  3 . 1 9 7  3  1 1 9  4 6 . 8  1 1 3 . 7  1 . 0 9 7  
2 5 . 7  3 . 0 7  9 6 . 3  } .  1 9 4  3  1 1 8  5 1 . 2  1 6 9 . 5  1  .  1 3 2  
1 9 . 6  2 . 8 6  9 1 . 1  3 . 1 8 9  1 2 9  3 7 . 3  1 5 1 . 5  0 . 9 7 3  
1 4 . 2  3 . 0 3  1 2 7 . 7  3 . 1 7 9  3  1 2 3  1 3 . 4  1 2 4 . 3  1 . 0 4 0  
2 2 . 5  2 . 9 3  1 3 4 . 3  3 . 2 0 1  0  1 2 2  3 6 . 6  1 5 5 . 3  1 . 0 2 8  
1 3 . 7  3 . 2 6  9 2 . 4  3 . 2 0 7  1 5 9  1 2 . 9  2 4 9 .  7  1 . 1 2 5  
3 1 . 2  2 . 6 6  1 3 1 . 7  3 . 1 9 1  3  1 ) 4  5 7 . 0  1 3 3 . 3  1 . 0 7 2  
3 0 . 7  2 . 6 1  1 3 4 . 9  3 . 1 7 3  0 9 3  5 7 . 3  1 3 2 . 3  1 . 0 6 5  
3 7 . 6  3 . 1 5  6 1 . 4  3 . 2 3 6  ) 1 2 5  5 6 . 7  2 0 6 . 3  1 . 0 6 7  
2 4 . 5  3 . 2 2  1 3 3 . 7  3 . 1 9 2  3  1 3 6  5 2 . 0  1 4 2 . 3  1 . 0 3 5  
2 3 . 2  3 . 1 4  1 4 2 . 9  3 . 1 8 4  3  1 3 0  4 8 . 7  1 5 3 . 3  1 . 0 7 0  
2 9 . 3  3 . 4 3  1 4 6 . 5  3 . 1 7 5  1 3 1  5 4 . 6  2 0 3 . 7  1 . 0 3 8  
2 2 . 6  3 . 3 3  1 3 3 . 5  3 . 1 7 7  3  0 9 )  4 7 . 8  1 5 9 . 3  1 . 1 3 3  
2 6 . 1  3 . 3 3  1 6 6 .  3  3 . 1 8 5  3  1 3 6  5 ) . 7  1 3 4 . 3  1 . 1 5 2  
2 4 . 7  3 . 1 4  1 7 3 . 1  3 . 1 6 9  3  0 9 0  4 8 . 7  1 6 7 . 7  1 . 0 8 2  
1 7 . 9  3 . 2 4  1 1 3 . 4  3 . 1 9 2  1 ) 1  ) 9 . 6  1 8 7 . 7  1 . 1 3 5  
1 9 . 5  3 . 5 3  1 6 1 . 7  3 . 1 6 3  1 3 1  3 7 . 7  1 8 7 . 7  1 . 0 1 8  
2 5 . 9  3 . 8 3  1 4 3 . 7  3 . 1 9 3  3  1 1 4  5 3 . 4  1 8 4 . 7  1 . 2 7 7  
2 9 . 2  4 . 3 8  1 1 9 . 9  3 . 1 9 7  l i s  4 7 .  1  1 8 9 . 7  1 . 2 7 4  
2 7 . B  3 . 4 9  9 6 . 7  3 . 1 9 4  3  1 2 7  5 2 . 8  1 2 4 . 3  1 . 2 9 5  
2 3 . 8  3 . 3 7  1 3 7 . 5  0 . 1 8 6  3  1 3 4  4 8 . 5  1 2 3 . 3  1 . 2 4 8  
2 5 . 3  3 . 3 3  1 1 4 . 7  3 . 1 8 9  3  1 1 2  5 2 . 3  1 1 4 . 7  1 . 2 5 3  
2 5 . 2  3 . 3 6  1 4 1 . 9  3 .  1 8 8  0  1 3 7  4 9 . 7  1 4 1 . 3  1 . 2 3 2  
1 9 . 3  4 . 5 7  2 1 3 .  1  3 . 1 7 3  0  0 9 3  3 9 . 6  1 4 0 .  3  1 . 3 0 3  
2 1 . 9  3 . 6 1  1 4 2 . 0  3 . 1 8 3  0  1 3 3  4 6 . 6  1 3 4 . 8  1 . 2 8 2  
2 0 . 6  3 . 6 6  1 9 1 . 3  3 . 1 7 2  0  0 9 4  4 6 . 9  1 2 1 . 3  1 . 2 5 7  
1 9 . 3  3 . 8 7  1 8 2 . 0  3 . 1 7 9  0  1 3 0  4 4 . 4  1 1 1 . 3  1 . 2 1 3  
1 8 . 1  4 . 3 )  1 5 5 . 9  3 . 1 8 3  0  1 1 6  3 7 . 3  1 7 7 . 3  1 . 2 9 5  
9  1 0  1 1  1 2  1 3  1 4  1 5  1 6  1 7  1 3  9 
3 .  9 1 7  3 .  1 1 3 0  3 .  4 2 1  5 2 7 .  3  3 .  2 1 5  2 1 .  7  
3 .  7 8 2  3 .  1 1 9 0  3 .  4 1 5  9 1 9 .  4  3 .  3 4 0  2 6 .  7  
3 .  8 5 2  3 .  1 0 9 0  0 .  4 4 5  8 5 7 .  0  0 .  2 3 2  4 1 .  8  
1 .  1 0 3  3 .  1 1 6 0  3 .  3 8 9  6 1 4 .  5  0 .  I  3 2  ) 8 .  I  
3 .  8 1 8  3 .  1 3 9 0  3 .  3 3 9  5 2 9 .  2  0 .  2 4 2  4 3 .  I  
3 .  8 7 5  3 .  1 4 2 0  3 .  3 7 4  5 3 8 .  6  0 .  2 5 4  ) 6 .  8  
3 .  8 3 7  3 .  1 2 6 0  3 .  3 6 8  8 7 4 .  0  0 .  2 2 8  2 5 .  2  
3 .  3 7 2  3 .  U B G  3 .  4 2 8  1 0 0 5 .  9  3 .  2 2 7  4 3 .  5  }. 7 7 )  3 .  3 9 3 0  3 .  4 5 0  1 3 1 2 .  2  3 .  2 8 4  3 4 .  8  
3 .  9 1 5  3 .  1 2 5 0  3 .  3 8 7  1  3 8 7 .  0  0 .  2 2 3  1  7 .  3  
3 .  7 7 3  3 .  1 2 4 0  3 .  2 4 4  1 3 4 1 .  9  0 .  2 6 8  2 7 .  9  
3 .  8 5 3  3 .  1 1 3 0  3 .  2 9 2  1 3 6 7 .  3  0 .  2 3 3  1 5 .  3  
3 .  8 2 8  3 .  1 2 8 0  3 .  2 7 4  2 8 6 .  8  0 .  2 3 7  3 9 .  4  
3 .  3 4 7  3 .  1 3 6 0  3 .  3 9 1  5 5 6 .  4  0 .  2 3 7  3 8 .  9  
3 .  7 9 5  3 .  1 1 5 0  3 .  3 7 4  6 3 5 .  3  3 .  2 1 4  3 1 .  8  
3 .  7 9 3  3 .  1 2 5 0  3 .  3 5 5  8 0 3 .  7  3 .  2 9 3  1 4 .  5  
3 .  6 7 3  3 .  1 0 9 0  3 .  3 6 8  7 7 3 .  0  3 .  3 1 2  1 9 .  9  
3 .  7 1 7  3 .  1 1 ) 0  3 .  3 4 5  6 0 4 .  2  3 .  3 1 9  1 3 .  9  
3 .  6 1 2  3 .  3 9 5 0  3 .  3 3 6  9 1 6 .  7  0 .  4 3 2  1 3 .  4  
3 .  5 6 5  3 .  3 9 6 0  3 .  3 2 0  7 7 8 .  8  0 .  4 2 1  1 9 .  6  
3 .  5 8 8  3 .  1 1 5 0  3 .  3 5 6  7 5 0 .  9  3 .  3 9 2  1 5 .  4  
3 .  7 8 8  3 .  3 8 7 0  3 .  2 3 4  8 5 2 .  3  0 .  2 3 6  1 3 .  5  
3 .  7 5 2  3 .  3 9 4 0  3 .  2 9 9  9 7 3 .  3  3 .  3 3 2  1 3 .  7  
3 .  6 6 3  3 .  0 8 5 0  3 .  2 9 5  1 1 0 4 .  2  3 .  3 3 9  1 3 .  4  
3 .  7 8 3  3 .  1 2 3 0  3 .  3 7 7  1 3 9 3 .  3  3 .  3 7 7  3 .  3  
1 .  1 3 4  3 .  1 3 9 0  3 .  3 9 1  1 3 7 5 .  4  3 .  3 9 1  ) 1 .  7  
3 .  9 7 2  3 .  1 1 9 0  3 .  3 2 6  7 0 1 .  5  0 .  3 2 6  1 4 .  6  
3 .  3 6 3  3 .  1 1 7 0  3 .  3 2 7  4 6 5 .  4  3 .  3 2 7  4 1 .  8  
3 .  3 6 3  3 .  1 3 3 0  3 .  3 9 5  7 7 3 .  2  0 .  3 9 5  3 3 .  3  
3 .  8 5 5  3 .  1 1 3 0  3 .  3 9 3  7 6 1 .  0  3 .  3 9 3  3 6 .  9  
3 .  6 0 S  3 .  3 9 1 0  3 .  3 1 1  1 3 0 2 .  2  3 .  3 1 1  1 9 .  9  
3 .  8 4 7  3 .  3 9 8 0  3 .  3 1 1  1 3 3 5 .  7  3 .  3 1 1  1 4 .  I  
3 .  7 6 3  3 .  1 0 5 0  3 .  3 9 3  9 8 8 .  6  0 .  3 9 3  3 6 .  9  
3 .  3 8 3  3 .  3 9 3 0  3 .  2 3 1  9 8 8 .  3  3 .  2 3 1  2 6 .  1  
3 .  7 7 2  3 .  1 5 3 3  3 .  4 6 0  6 6 5 .  1  0 .  2 7 8  2 5 .  9  
3 .  9 1 3  3 .  1 4 7 0  3 .  4 5 3  7 1 0 .  2  0 .  2 4 0  2 2 .  3  
3 .  7 6 3  3 .  1 6 4 0  3 .  3 9 4  3 7 3 .  3  0 .  2 3 7  4 9 .  3  
3 .  7 9 3  3 .  1 4 7 0  3 .  4 5 1  8 8 9 .  7  3 .  2 6 5  1 8 .  2  
3 .  7 9 7  3 .  1 3 1 0  3 .  4 5 7  1 3 9 3 .  3  3 .  2 5 6  2 5 .  3  
3 .  7 9 2  3 .  1 6 2 0  3 .  4 2 7  9 0 2 .  6  3 .  2 7 4  2 8 .  3  
3 .  8 1 7  3 .  1 3 9 0  0 .  4 7 5  1 3 1 8 .  2  3 .  2 6 1  2 1 .  6  
3 .  3 9 9  3 .  1 4 9 0  0 .  4 2 9  1 1 1 6 .  1  3 .  2 2 1  2 2 .  3  
3 .  7 9 8  3 .  1 5 2 0  3 .  4 7 0  1 1 1 6 .  3  0 .  2 6 4  2 3 .  7  
3 .  8 2 8  3 .  1 3 5 0  3 .  3 1 7  3 7 4 .  4  0 .  2 5 1  1 5 .  3  
3 .  7 5 8  3 .  1 0 8 0  3 .  3 7 2  1 4 9 5 .  8  3 .  2 S 7  1 3 .  6  
3 .  9 6 5  3 .  1 5 3 0  3 .  4 3 2  9 4 2 .  3  3 .  2 4 6  2 7 .  3  
3 .  9 8 3  3 .  1 5 7 0  3 .  3 9 9  7 6 4 .  2  0 .  2 3 )  3 3 .  3  
1 .  0 1 5  3 .  1 5 4 0  3 .  3 4 7  6 2 7 .  1  0 .  2 1 B  2 5 .  9  
3 .  9 9 8  3 .  1 2 7 0  0 .  4 4 0  1 0 7 0 .  4  0 .  2 3 1  2 5 .  4  
I .  3 5 3  3 .  1 5 3 0  3 .  4 1 1  7 6 3 .  6  0 .  1 6 2  2 7 .  9  
1 .  3 4 2  3 .  1 3 3 0  0 .  4 3 4  1 3 6 7 .  7  0 .  1 5 5  2 6 .  6  
1 .  3 5 7  3 .  1 5 3 0  0 .  4 5 6  1  3 7 5 .  3  0 .  1 9 3  3 2 .  3  
1 .  3 1 8  3 .  1 4 4 0  3 .  4 3 8  9 8 6 .  1  0 .  2 3 6  2 4 .  6  
3 .  9 8 3  3 .  1 2 3 0  0 .  4 6 2  1 5 9 0 .  2  0 .  2 2 1  2 5 .  9  
3 .  9 1 2  3 .  1 2 9 0  0 .  4 4 4  1 4 0 4 .  3  0 .  2 5 0  2 4 .  8  
3 .  9 7 3  3 .  1 4 4 0  0 .  3 8 5  1 3 8 5 .  7  0 .  2 4 9  3 3 .  3  
2 . 3  6 . 5  1 . 8  
2 . 3  3 .  7  1 . 9  
2 . 3  7 . 4  2 . 3  
2 . 3  7 .  5  2 . 3  
2 . 4  3 . 1  2 . 3  
1 . 9  3 .  3  1 . 8  
2 . 1  8 .  3  2 . 3  
2 . 1  6 .  5  2 . 3  
2 . 4  7 . )  1 . 9  
2 . 3  6 .  ;  1 . 9  
2 . 0  3 .  3  1 . 9  
1 . 7  7 . 5  1 . 3  
2 . 7  3 . 3  2 . 3  
2 . 2  S .  6  1 . 9  
2 . 2  7 . 3  1 . 9  
2 . 5  3 . 2  1 . 8  
2 . 1  3 . 3  1 . 9  
2 . 2  3 . 3  2 . 3  
2 . 5  6 .  3  1 . 3  
2 . 3  7 . 5  1 . 7  
2 . 6  7 . 5  1 . 9  
2 . 4  6 . 3  1 . 3  
2 . 3  6 .  5  1 . 3  
2 . 4  6 . 3  1 . 3  
1 . 7  7 .  3  1 . 3  
1 . 8  4 . 3  1 . 9  
1 . 9  9 . 3  2 . 3  
2 . 2  7 .  3  1 . 7  
2 . 1  7 .  >  1 . 3  
2 . 4  9 .  3  1 . 9  
2 . 0  7 . 5  1 . 7  
1 . 8  7 . 3  1 . 9  
2 . 2  7 . 3  1 . 8  
2 . 3  3 .  >  1 . 7  
2 . 8  6 . 5  1 . 3  
2 . 3  9 . 5  2 . 3  
2 . 9  9 .  3  2 . 1  
2 . 5  8 . 3  2 . 3  
2 . 7  8 .  3  2 . 3  
2 . 7  6 .  5  1 . 9  
2 . 6  7 .  5  1 . 9  
2 . 5  7 .  5  1 . 3  
2 . 5  6 .  3  1 . 9  
2 . 6  7 . 5  1 . 3  
2 . 5  6 . 5  1 . 9  
2 . 1  7 . 3  2 . 1  
2 . 3  7 .  5  2 . 3  
2 . 1  6 . 3  2 . 1  
2 . 3  7 . 3  2 . 3  
2 . 2  6 . 3  2 . 1  
2 . 2  8 . 3  2 . 2  
2 . 5  6 . 3  2 . 1  
2 . 4  6 . 5  2 . 2  
2 . 2  6 .  5  2 . 1  
2 . 2  6 . 3  2 . 1  
2 . 3  6 .  3  2 . 3  
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APPENDIX D 
Figure 48. Correlation matrices for varieties 1 through 5 and all 
varieties combined 
Key to variables in correlation matrices 
1 Kernel moisture content, % 
2 Kernel detachment force, lbs 
3 Kernel strength, lbs 
4 Initial kernel thickness, in 
5 Final kernel thickness, in 
6 Cob moisture content, % 
7 Cob strength, lbs/inch length 
8 Initial cob diameter, in 
9 Final cob diameter, in 
10 Kernel area, in^ 
11 Kernel strain, in/in 
12 Kernel stress, psi 
13 Cob strain, in/in 
14 Kernel damage, % (visual inspection) 
15 Kernel fines, % 
16 Rachis diameter-pith diameter ratio 
17 Ear length, in 
18 Ear diameter, in 
19 Total kernel damage, % (visual inspection plus fines) 
For individual varieties: r = 0.576 and 0.708 at 5% and 
1% levels of significance 
For all varieties combined: r = 0.250 and 0.325 at 5% and 
1% levels of significance 
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